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FOREWORD
The work described in this report is part of an alkali metal boiling and
condensing heat transfer program conducted by the General Electric Company
under NASA Contract NAS 3-2528. The work was done under the technical
management of Ruth N. Weltmann, Space Power Systems Division, NASA
Lewis Research Center.
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ABSTRACT
The results of an experimental investigation of heat transfer and fluid
flow during forced convection vaporization of high temperature potassium in
vertical up-flow in single tubes are presented. The experiments were con-
ducted in a Cb-1% Zr facility with radiant-heated test sections at saturation
temperatures up to 2100 ° F. Two-phase heat transfer results are presented
for nucleate boiling and the critical heat flux condition, along with exploratory
measurements of transition boiling, film boiling and superheated vapor heat
transfer coefficients. Measurements of pressure drop in adiabatic two-phase
flow, liquid heat transfer coefficients measured at low Peclet numbers, and
results from tests with net liquid superheat exploring some of the instabilities
associated with boiling inception are also presented.
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NOMENCLATURE
, The symbols and units listed _elow are used in all derivations. The
symbols listed below are occasionally used with other units in the figures,
wtables, or in the written text. Whenever this is done, the appropriate units
are indicated.
Simpl9 Latin Letter Symbols
Symbol
A
a
b
D
d
E
f
G
K
K'
n
P
Quantity
Area
Radial acceleration
Bubble height
Diameter
Diameter of wire for wire coil
Mass fraction of liquid entrained in the vapor core
Darcy-Weisbach friction factor
Gray-body configuration factor for thermal radiation
Mass velocity (flow rate per unit flow area)
Gravitational conversion coefficient
Heat transfer coefficient
Conversion factor (mechanical equivalent of heat)
Slip ratio (K = Vg/V_)
Thermal conductivity
Orifice loss coefficient
Length
Exponent in Equation (6)
Pressure
Helix pitch, length for one 360 ° turn
Rate of heat flow
Radius at tube wall
Radius, Bubble radius
Unit s
ft 2
ft/sec 2 or ft/hr 2
ft
ft
ft
Dimensionless
Dimensionless
Dimensionless
lb /hr- ft 2
m
4.1"/ x I0 8 ft/hr 2
Btu/hr-ft2-OR
778 ft-lbf/Btu
Dimensionless
Btu/hr-ft °R
Dimensionless
ft
Dimensionless
Ibf/ft 2
ft
Btu/hr
ft
ft
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Simple Latin Letter Symbols (Cont'd)
Symbol
t Time
T Temperature
T Weighted-Average Temperature
V Velocity
Velocity vector
W Flow rate
X Flowing quality (X = W /W)
g
y Distance from wall
z Distance along flow axis,
Quantity
coordinate
Units
seconds
°R and °F
oF
ft/hr
ft/hr
lb /hr
m
Dimensionless
ft
ft
Composite Latin Letter Symbols
Symbol
a
r
a
R
C
P
D
CB
D
or
f
o
GHM
h
f
h
g
h
v
h
fg
NNu
Npe
Npr
NRe
P/D
Quantity
Radial acceleration relative to gravity at radius r
Radial acceleration relative to gravity at tube wall
Constant pressure specific heat
Insert centerbody diameter
Orifice diameter
Smooth tube friction factor
Mass velocity in helical flow
Liquid enthalpy
Vapor enthalpy
Superheated vapor heat transfer coefficient
Latent heat of vaporization
Nusselt number (NNu = h D/K)
Peclet number (Npe = G.D Cp/K)
Prandtl number (Npr =_Cp/K)
Reynolds number (gRe =/OV D/_a_
Insert twist ratio, tube diameters for 360 ° turn
of helix or coil
Unit s
g's
g's
Btu/lb -°R
m
ft
ft
Dimensionless
ib /ft2-sec
m
Btu/lb
m
Btu/lb
m 2
Btu/hr-ft -°F
Btu/lb
m
Dimensionless
Dimensionless
Dimensionless
Dimensionless
Dimensionless
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Composite Latin Letter Symbols (Cont'd)
Symbol
qf'
fr
qc
r
c
r
max
R
g
R2
T
O
Vfg
X
C
X
e
AT
AT
r
Quantity
Heat flux
Critical heat flux
Critical cavity radius
Maximum cavity radius
Vapor volume fraction
Liquid volume fraction
Initial temperature of semi-infinite plate
Specific volume change in going from liquid
t o vapor
Quality at the critical heat flux
Quality at test section exit
Wall-to-fluid temperature difference
Radial difference in saturation temperature,
Equation (23)
(dP/dZ)Tp F Two-Phase friction pressure gradient
(dP/dZ) 0 Friction pressure gradient for all-liquid flow
Units
Btu/hr-ft 2
Btu/hr-ft 2
ft
ft
Dimensionless
Dimensionless
o F
ft3/lb
m
Dimensionless
Dimensionless
o F
o F
lbs/ft 3, psi/ft
lbs/ft 3, psi/ft
Greek Letter Symbols
Symbol Quant ity
$
C
Tr
P
O"
T
_SH
Angular coordinate
Bubble contact angle
Finite difference
Film thickness
Emissivity for thermal radiation
Angular displacement, cavity angle
Dynamic viscosity
Dimensionless groups used in Equation (71)
Mass density
Surface tension
Time interval
Two-Phase friction pressure gradient, defined
by Equation (56)
Degrees of Vapor Superheat, (T - Tsa t)
Units
radians
radians, degrees
Dimensionless
ft
Dimensionless
radians, degrees
Ib /hr-ft
m
Dimensionless
lb /ft 3
m
lbf/ft
seconds
Dimensionless
oF
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Subscripts
a
b
cb
c
e
f
FB
FBE
FE
g
i
I, i
if
l
m
NB
o
or
P
r
S _ sat
sc
SH
T
TB
TP
TPF
w
z
, Acceleration in two-phase region
Bulk fluid temperature
Value at the insert centerbody
Value at the critical hear flux condition
Equivalent value of a given quantity for application to helical flow
Indicates a liquid phase property
Film boiling
Value at film boiling inception
Film evaporation
Indicates a vapor phase property
Inside
Inlet
Value at the vapor-liquid film interface
Refers to liquid phase
Measured value
Nucleate boiling
Outlet or outside
Orifice
Calculated or predicted value
Pool boiling
Component in radial direction
Saturation
Subcooled
Superheat
Tangential
Transition boiling
Two-Phase
Two-Phase friction
Value at the tube wall
Component in axial direction
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SUMMARY
The results of an experimental investigation of heat transfer and fluid
,flow during forced convection vaporization of high temperature potassium in single
tubes are presented. This investigation was undertaken to obtain local boiling
heat transfer data for potassium and to extend the range of available boiling
data up to 2100°F_ for use in development of potassium boilers applicable to
Rankine cycle space power systems.
The experiments were conducted in a Cb-l%Zr facility consisting of a
single loop system with radiant-heated test sections. Data was obtained in
five different test sections_ both with and without vortex generator inserts.
The heated length of all test sections was 30 inches and two different tube
diameters were used_ 0.42-inch ID and about 0.75-inch ID. The insert
geometries included two different helices_ _ wire coil_ and both a smooth
plug and a wire-wrapped plug in the inlet region of the test section. One of
the helices and both of the plug inserts were instrumented with internal
thermocouples for local fluid temperature measurement. Most of the data were
taken at 2100°F saturation temperature_ although some data were taken at lower
temperatures down to 18OO°F to investigate dependence on temperature.
A large body of nucleate boiling data was obtained in the five test
geometries. The heat transfer coefficients for the plain tubes (no insert)
were typically high_ in the order of 10_000 Btu/hr-ft2-°F for the range of
heat fluxes tested. Two analytical models were developed to predict the
nucleate boiling heat transfer performance for plain tubes and recommended
procedure for design application is given. The nucleate boiling data for the
test sections with helical inserts indicate that the insert tends to lower the
/
heat transfer performance in nucleate boiling. An empirical correlation of the
nucleate boiling data with inserts is also presented.
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The critical heat flux data obtained from the radiant-heated test
sections are in reasonably good agreement with an empirical correlation for
potassium developed from lower temperature data obtained in a two-fluid
boiler. Local measurements of the wall temperature at the onset of the
critical heat flux condition give an insight into the critical heat flux
phenomenon as it occurs both in plain tubes and in test sections containing
insert s.
Local transition boiling heat transfer coefficients were calculated from
the data using the time-average of the fluctuating wall temperature obtained
from multiple printouts of a digital recorder. These data are in fair
agreement with an empirical correlation developed for potassium from lower
temperature data obtained in a two-fluid boiler.
Exploratory measurements of the film boiling and superheated vapor heat
transfer coefficients are presented. The film boiling coefficients are
typically high with respect to calculated values based on standard correlations
for vapor heat transfer. The superheated vapor heat transfer measurements are
correlated reasonably well after analytical corrections are made for the
effect of the helical inserts and for the effect of radiation from the heated
wall.
Pressure drop data for potassium in two-phase adiabatic flow were obtained
for three different insert geometries. These data are correlated reasonably
well by a homogeneous model prediction (equal liquid and vapor phase velocities).
Instabilities encountered during the course of testing are described, and
the results from some specific experiments designed to study instabilities
associated with boiling inception are presented. In addition to the boiling
heat transfer results, some single-phase liquid potassium heat transfer data
were obtained using a vortex generator insert in the entrance region of the
test section. These data are in the range of Peclet numbers below 1OO, where
other available data is sparse.
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I INTRODUCTION
Under sponsorship of the National Aeronautics and Space Administration
General Electric Company has been conducting experimental and analytical
O'
studies of boiling and condensing of high-temperature alkali metals since
early 1961. This work was directed toward providing basic heat transfer
information needed for development of Rankine cycle space power systems
using potassium as the working fluid.
The experimental work was performed in three separate alkali metal
heat transfer test facilities, two of which were used for boiling studies
and the third was used for condensing experiments. Brooks (1)* has reported
on the initial phase of this program, which included the design and fabrica-
tion of the three test facilities and some early test results. Results from
the materials investigations done in support of the development of the two
boiling facilities are reported by Semmel, et al.(2). One of the two boiling
test facilities is a two-fluid test rig constructed of Haynes-25 alloy, which
employed sodium at temperatures up to 1850°F to boil potassium in a single-tube,
once-through boiling test section at temperatures up to about 1750°F, using test
section geometries which approximate those anticipated for Rankine cycle space
power boilers. The results from these two-fluid, once-through boiling experi-
ments are reported by Peterson (3).
The second boiling facility, the experimental results from which are the
subject of this report, is a single-loop test rig constructed from Cb-l%Zr,
which is capable of operation at saturation temperatures up to 21OO°F. The
role of this test rig was to supplement and extend the results obtained in
the two-fluid facility. Specifically, the objectives of the high temperature
boiling potassium experiments done in the Cb-l%Zr Facility were:
*Underlined numbers in parentheses designate References listed at the end
of the text.
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(I) To obtain local heat transfer and pressure drop data for
boiling potassium.
(2) To extend the results obtained in the two-fluid Haynes-25 alloy
facility to higher temperatures up to 2100°F.
The ultimate application of the information presented in this report
will be in design of "once-through" boilers for Rankine cycle space power
systems which use potassium as the working fluid. Peterson (3) gives a
conceptual description of once-through boiling which will be briefly reviewed
in order to define some of the terms used in this report.
In the once-through boiling process, the fluid enters the boiler in
a subcooled liquid state and is converted, in a single pass through the
boiler, to superheated vapor at the exit. With subcooled liquid at the inlet,
the heat transfer mechanism is one of single-phase forced convection. Proceeding
along the boiler in the flow direction, the fluid temperature rises and
approaches the saturation temperature corresponding to the local pressure.
The point of boiling inception is determined by the heat flux, mass velocity,
tube geometry and tube surface condition. At relatively high heat flux levels,
for example, local surface boiling may occur while the bulk liquid is still in
the subcooled condition, with subsequent condensation of the vapor bubbles. At
lower heat flux levels, on the other hand, the bulk liquid may become super-
heated before boiling inception occurs. The point of boiling inception marks
the beginning of the nucleate boiling regime, which is characterized by
relatively high heat transfer performance. This regime persists, with increasing
quality, until the onset of the critical heat flux condition, at which point
the heat transfer performance begins to deteriorate due to breakdown of the
continuous liquid film believed to exist in the nucleate boiling regime. The
critical heat flux condition marks the beginning of the transition boiling
regime. In the transition boiling regime the wall temperature oscillates
within an envelope, the upper bound of which increases with increasing
quality and the lower bound of which is approximately constant at the value
-4-
corresponding to nucleate boiling. The range of quality over which the
,transition boiling regime exists depends primarily on the heat flux level.
" As the quality increases_ the quantity of liquid available to wet the
wall decreases and the mean wall temperature increases until the "spheroidal"
state or Leidenfrost point is reached. This marks the beginning of the film
boiling regime_ in which the wall is believed to be blanketed with a
continuous layer of locally superheated vapor and the wall-to-fluid temperature
difference is in the same order as that associated with heat transfer to the
single-phase vapor. The last stage of the once-through boiling process is
the superheat regime_ in which the heat transfer is by single-phase convection
to the vapor.
The fomat of this report is closely related to the above conceptual
view of the once-through boiling process. Local heat transfer results are
presented for each individual stage of the process_ together with associated
analyses and empirical correlations of the data. In addition_ the results of
some two-phase pressure drop and stability studies are presented.
II EXPERIMENTAL APPARATUS
" The Cb-l%Zr Facility is a single loop system designed to study forced-
.convection vaporization of potassium at fluid temperatures up to 21OO°F.
The alkali metal containment piping is constructed from columbium-l%
zirconium and is enclosed in a high-vacuum environmental chamber to avoid
atmospheric contamination. Brooks (i) gives a detailed description of the
facility as it was originally designed and built, including welding techniques
for the Cb-l%Zr. Descriptions of the vacuum system and loop components are
included in this report as Appendix A. During the summer of 1964, the loop
was modified to include a preboiler upstream of the test section.
A. General Loop Description
Figure i is a schematic of the Cb-l%Zr Facility after its modification
in 1964. Liquid potassium is discharged from the electromagnetic pump and
flows through an electromagnetic flowmeter to an 8 KW radiant preheater_
which controls the preboiler inlet subcooling. Upon leaving the preheater,
the liquid potassium flows through a throttling orifice into the preboiler.
The preboiler consists of a coil of pipe with a radiant heater in the
core_ all contained within a radiation shield assembly (Figure 2). The pre-
boiler heater element is fabricated from coiled tungsten wire and has operated
at gross electrical power levels up to 60 KW. The function of the preboiler
is to control the enthalpy of the potassium in the test section independent
of test section heat flux_ thus permitting separation of the effects of
quality and heat flux in the tests.
After leaving the preboiler, the potassium passes in vertical up-flow
through an insulated entrance length of about 10 inches_ and into the test
Section. A total of five test section geometries, described in the next
section_ were employed in the Cb-l%Zr Facility after its modification. Each
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of these test sections had a heated length of 30-inches. The radiant heater
for the test sections consisted of an array of 27 tungsten rods surrounding
the test section and enclosed in a radiation shield assembly (Figure 3). The
test section heater was operated at gross electrical power levels up to 32 KW.
Energy is rejected from the potassium as it flows through approximately
60 ft. of condenser piping radiating to the water-cooled walls of the
environmental chamber. Some control of the heat rejection rate is accomplished
with adjustable shutters which surround the condenser coil (Figure 4).
B. Test Sections
Table i lists the five test sections employed in the Cb-l%Zr Facility
to obtain the data presented in this report.
Table 1
Cb-l%Zr Facility Test Sections
Test Inside
Section Diameter
Number Inch
1 O. 767
2 O. 740
3 0.423
4 0.738
5 0.742
Insert
No Insert
Helical Insert_ P/D = 6
No Insert
Combination annular plug and helix
with P/D = 2 (instrumented)
Combination wire-wrapped annular plug
(P/D = 2) and wire coil with P/D = 2
(inst rum ent ed)
TEST SECTION NO. 1
Figure 5 is a sketch showing the general arrangement and instrumentation
of Test Section No. 1. This test section was a plain segment of 3/4-inch
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Schedule 80, Cb-l%Zr pipe with no insert. Temperatures of the outside
" surface were measured at ten locations as indicated in the sketch and the
fluid temperature at the test section outlet was measured with three
" thermocouples contained in an axial well which terminated 1-3/4-inches
#
downstream of the end of the heated zone.
TEST SECTION NO. 2
This test section was a 3/4-inch Schedule 80 pipe containing a non-
instrumented helical insert with a pitch-to-diameter ratio of six. Figure 6
is a sketch of Test Section No. 2 showing the thermocouple locations and
Figure 7 is a photograph of the test section and insert.
TEST SECTION NO. 3
Test Section No. 3 was a 3/8-inch Schedule 80 pipe with no insert.
Thermocouple locations are shown in Figure 8.
TEST SECTION NO. 4
This test section was a 3/4-inch Schedule 80 pipe containing an
instrumented plug-helix insert. Figure 9a is an overall view of Test Section
No. 4 with the insert installed. The inset, shown in Figure 9b, consisted of
an inlet plug followed by a helix vortex generator. Figure 1Oa shows the
inlet plug which, when installed, formed an annular flow passage extending
over approximately half of the heated length. The helix section of the insert
(Figure lOb) consisted of a spiral (P/D = 2) tape welded to a 1/4-inch center-
body to form a helical flow path. Both the inlet plug and the helix center-
body were hollow and contained a total of five Pt-Pt 10% Rh thermocouples
distributed along the heated length as shown in Figure 11 for Test Section
No. 4. After its removal from the loop, Test Section No. 4 was instrumented
with pressure taps, and water tests were conducted to determine the single-
phase friction factors for the annular region and the helix region. The
locations of these pressure taps are shown in Figure 11.
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TEST SECTION NO. 5
Figure 12a is an overall view of Test Section No. 5 with its insert
installed. The components of the insert are shown in Figure 12b along with
the test section pipe. The inlet section of the insert consisted of a plug .
extending over approximately half the heated length. A 3/32-inch diameter wire
was fitted into a spiral groove (P/D = 2) machined on the plug surface. When
installed in the test section pipe, the wire-wrapped inlet plug formed a helical
flow passage between the plug outside diameter and the pipe inside diameter.
Downstream of the plug, the wire was attached to the inside surface of the
pipe by welding through holes. The hollow plug contained five Pt-Pt 10% Rh
thermocouples distributed along its length as shown in Figure 12. Fluid
temperatures at the test section outlet were measured with thermocouples in-
stalled in an axial well. Figure 13 shows locations of thermocouples in this
test section. Also shown in Figure 13 are the locations of pressure taps
which were used in water tests after the test section was removed from the
loop.
An additional feature of Test Section No. 5 was a radiant heated artificial
nucleator of the "hot-finger" type located upstream of the test section. The
nucleator, shown in Figures 14 and 15 was used in boiling inception studies
described in this report.
C. Instrumentation, Calibration Techniques and Estimate of Errors
The principal measurements obtained in the facility include the following:
1. Power
2. Temperatures
3. Flow
4. Pressures
5. Liquid Level In Dump Tank
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The instruments used for these measurements, estimated measurement
accuracies, and the procedures used in calibrations are as follows.
POWER MEASUREMENTS AND HEAT LOSS CALIBRATIONS
• Electrical power to the preboiler heater and to the test section heater
was measured with two General Electric type P-3 polyphase wattmeters, each
having a rated accuracy of _ 1% of full scale. Current and voltage trans'
formers were used to adjust the sensitivity such that the meters were always
reading as nearly as possible to full scale. Although calibration data indicate
that accuracies on the order of _ 0.5% of full scale can be obtained, the
wattmeters were not always used with the current and voltage transformers
in the same configuration as they were during the calibrations. Therefore,
a value of _ 1% of full scale is judged to be the best estimate of the
electrical power measurement error.
The preboiler and test section radiation shield assemblies consisted of
sheets of tantalum enclosed in stainless steel cases. The temperatures of
each of these cases were measured at six locations and these temperatures were
used to determine heat losses using heat loss calibration data. The heat loss
calibrations were performed with the preboiler and test section piping removed.
Each shield assembly, enclosing its heater, was mounted in its normal position
within the vacuum chamber. With the vacuum chamber evacuated, power was supplied
to the heaters and the corresponding steady-state radiation shield case
temperatures were measured. This procedure was repeated at several power levels
and since all the power dissipated by the heaters was lost through the shields,
a direct correlation of heat loss as a function of case temperature was
obtained. The temperature used in the heat loss correlations is a weighted
A
average, T, of the six measured values:
'lT_ (°R) = 6Ti
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where the T.'s are the six measured temperatures in degrees Rankine. Thei
results of the preboiler heat loss test are presented in Figure 16a, and
Figure 16b shows the results of the test section heat loss calibration.
TEMPERATURE MEASUREMENT
Thermocouples were used throughout the loop for temperature measurement.
These measurements can be classified as either those used for general
monitoring purposes or those used for data reduction. Temperatures not
directly used for data reduction purposes include such items as the pump
duct temperature and condenser pipe wall temperatures. None of these
thermocouples were calibrated.
The temperature measurements used directly in the data reduction are:
i. Flowmeter magnet temperature
2. Pipe wall temperature at the flowmeter
3. Fluid temperature at the preboiler inlet
4. Preboiler radiation case temperatures
5. Fluid temperatures at the preboiler outlet
6. Test section outside wall temperatures
7. Test section radiation case temperatures
8. Fluid temperatures either at the test section outlet
(Test Sections I, 2 and 3) or in the test section insert
(Test Sections 4 and 5)
Fluid temperatures at the preboiler inlet, preboiler outlet and test
section outlet (for l, 2 and 3) were measured with W3%Re - W25%Re thermocouples
located in wells. Fluid temperature distributions along Test Sections 4 and 5
were measured with Pt-Pt-lO%Rh thermocouples contained within the centerbody
of the inserts.
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Surface temperatures were measured with W3%Re-W25%Re thermocouples
resistance welded to the surface. Figure 17 shows typical thermocouple
junctions on the test section wall. A continuing problem was repeated
failures of the wall thermocouples. One mode of failure was due to the
relatively brittle W3%Re leg of the thermocouple lifting off the pipe
surface. It was found that a small tab of O. OO2-inch thick tantalum foil
tacked over the junction reduced the frequency of this type of failure.
However, due to the severe operating conditions imposed on the test section,
wall thermocouple failures remained the chief cause of loop "downtime".
In-loop calibrations of test section thermocouples were performed as
follows. With the test section mass velocity held constant at a relatively
low value, the preboiler power was increased until the vapor quality of the
potassium entering the test section was about 10%. Neglecting the small
temperature changes due to pressure drop, the temperature of the two-phase
fluid in the test section was assumed to be uniform. After the system had
reached a steady-state condition, the test section heat loss was determined
using the radiation case temperatures. The test section power was then
increased until the electrical power input balanced the heat losses. Under
these very nearly isothermal adiabatic conditions, the temperatures of all
test section thermocouples closely approximately each other. Using one of the
fluid temperature thermocouples as the standard, a thermocouple correction
was obtained for each of the test section thermocouples by comparison with
this standard.
Samples from the same spool of W3%Re and W25%Re wire were calibrated
in a vacuum furnace. Initial calibrations of this kind indicated appreciable
drift of about 20°F. However, after the thermocouples were "soaked" for a
few hours at 23OO°F, repeatability to within + 3°F was obtained. As part of
m
the procedure for in-loop calibrations, newly installed thermocouples were
held at 21OO°F for at least five hours before taking the first calibration
reading, followed by two additional readings at one hour intervals to verify
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absence of drift.
The most significant temperatures in the tests are those associated
with measuring the inside wall-to-fluid temperature differences for
determining the local heat transfer coefficients. Typically_ for nucleate
boiling operation these temperature differences were small, in the order of
IO°F. Consequently errors in the measurement of these temperature differences
are significant. A detailed analysis of the probable error in the measurements
of the wall-to-fluid temperature differences is given in Reference 41. The
results of this error analysis are given in Figure 18, which shows the
calculated probable error in the measured wall-to-fluid temperature difference
as a function of the heat flux and temperature difference.
FLOW MEASUREMENT
The flow rate was measured with a permanent magnet type electromagnetic
flowmeter. Calibration of this meter was performed by comparing the flow rate
calculated from the flowmeter output signal (using the equations in Reference 4)
with that indicated from an energy balance across the test section during all
liquid operation. The magnetic flux density of the permanent magnet_ required
in the flowmeter calculation, was measured as a function of magnet temperature
and the results are presented in Figure 19. The flowmeter calibration data
are plotted in Figure 20_ which shows that the flow rate obtained from an
energy balance was consistently higher than the flow rate calculated using the
equation of Reference 4. The accuracy of this calibration is dependent upon,
among other things_ the accuracy of the liquid enthalpy of potassium which was
obtained from NRL data (Reference 5). Analysis of the errors indicates that
the probable error in the flow rate measurement is + 10_0.
PRESSURE MEASUREMENT
System pressures were monitored with two slack-diaphragm type pressure
transducers located upstream and downstream of the inlet throttling orifice.
The argon pressure in the dump tank was an additional indication of system
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pressure_ since the loop was normally operated with the dump valve open.
DUMP TANK LEVEL MEASUREMENT
The liquid level in the dump tank was measured with a resistance "J"
type probe_ described in Reference I.
OSCILLOGRAPH RECORDER
During testing with Test Section No. 2 (.74" ID with helical insert
P/D = 6) an eight channel Sanborn oscillograph recorder was installed to
provide simultaneous readouts of pertinent system parameters. This
instrument was useful in studying system stability and in the critical heat
flux_ transition boiling and superheat experiments.
ESTIMATE OF EXPERIMENTAL ERRORS
Based on the errors in measurement estimated for the test section and
preboiler power_ test section wall-to-fluid temperature differences and
flow rate_ the following estimated errors in the experimental data presented
in Section III are believed to be representative.
Quantity
Nucleate Boiling Heat Transfer Coefficients
Critical Heat Flux
Quality at Critical Heat Flux
Transition Boiling Coefficients
Film Boiling Coefficients
Superheated Vapor Coefficients
Two-Phase Friction Multipliers
Liquid Heat Transfer Coefficients
Estimated Error
+ 50%
+ lO%
+ 12%
+ 20%
+ 10%
+ 10%
+ 35%
+ 25%
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D. Operating Procedures and Limitations
The following discussion outlines the facility operating and data
taking procedures and some of the limitations imposed by the system.
START-UP PROCEDURE
The procedure for getting the system back in operation after a shut-down
period was as follows:
Pump-Down and Bake-Out. During shut-down periods, the potassium
inventory was stored in the dump tank and the upper section of the vacuum
chamber was usually in the raised position. Before starting the pump-down
procedure, the surfaces were cleaned with a small portable vacuum cleaner
followed by wiping with cheeSe-cloth soaked in acetone. The upper section of
the chamber was then lowered into position and the mechanical and diffusion
pumps started. The bake-out heaters, set to hold the chamber temperature at
450°F, were then turned on and the pump-down and bake-out continued for about
-7
24 hours at which time the chamber pressure was usually down in the 10 to
10 -6 torr range.
Loop Fill Operation. After the pump-down period, the loop was prepared
for filling by first insuring that the dump valve (see Figure 1) was closed
and then opening the loop vacuum line to evacuate the loop piping. The loop
was filled with the bake-out heaters energized to avoid freezing of the potassium
in the pipes before flow was established. Having evacuated the piping_ the
loop vacuum valve was closed and the dump tank was pressurized with argon. The
dump valve was then opened and potassium at about 600°F was forced up to fill
the loop piping. The E.M. pump was then energized to establish flow. Having
established potassium flow in the loop, the bake-out heaters were turned off
-8 -7
and the vacuum chamber pressure would decrease to the 10 to 10 torr range
with a potassium temperature of about 600°F.
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Initiation of Boiling. The usual procedure for initiation of boiling
was to first set the flow rate and system pressure at the values required
for the test. The system pressure was set by the pressure in the dump tank
with the dump valve open. This valve had to be open during boiling initiation
(to provide an expansion volume for the potassium) and was usually left open
even during boiling operation. Boiling was then initiated by increasing the
test section power until the fluid temperature at the test section outlet
reached the saturation temperature corresponding to the pressure st that point.
(More detailed descriptions of the system instability associated with boiling
inception are given below in the "stability limitations" section and in the
"Experimental Results" section). Increases in test section and/or preboiler
power caused increases in surface temperatures which in turn increased the
outgassing rate with a resultant increase in vacuum chamber pressure. The
magnitude of the chamber pressure rise depended on how fast the temperatures
were increased. The usual procedure was to increase loop temperatures such
that the chamber pressure did not exceed about 5 x 10 -6 torr.
After high temperature boiling conditions (say 1800°F) were reached
-7
and testing began, the chamber pressure would slowly come down to the 10
to 10 -6 torr range over a period of two or three days. In going from 18OO°F
to 21OO°F test conditions, the chamber pressure would again rise at a rate
dependent upon how fast the temperature was raised. Again, the policy was
-6
to keep the chamber pressure below 5 x 10 torr during the temperature
increase. Once the higher temperature condition was reached, the chamber
-7 -6
pressure would come down to the 10 to 10 torr range. If testing continued
at any one temperature for long periods (about one week), the chamber pressure
-8 -7
would get down in the 10 to 10 torr range.
OPERATION WITH NET VAPOR GENERATION
The general procedure during operation with net vapor generation was to
hold the saturation temperature, the flow rate and the test section heat flux
-17-
constant while a series of data points were obtained at various vapor
qualities by increasing or decreasing the preboiler p_er. The first
point of such a series was usually taken with the preboiler power
adjusted to give a test section outlet quality of about I0_ to 30_. The
preboiler power was then increased in increments of test section exit quality
of about 5% to 10%.. If the system remained stable, this procedure was
continued until onset of the critical heat flux condition, as manifested by
either an abrupt increase in the test section wall temperature or by
relatively large wall temperature oscillations.
The operating procedure beyond the critical heat flux condition varied,
depending on the behavior of the test section wall temperature. At
relatively high test section heat fluxes (_ 150,000 Btu/hr-ft2), when the
critical heat flux conditions occurred the wall temperature would rise
rapidly toward excessively high levels. If this occurred_ the test section
heat flux was quickly reduced (either manually or with an automatic power
trip) until the wall temperature dropped down to an acceptable value, in
order to protect the test section from damage. The test series was then
continued, as described above, at this lower heat _lux. In this case (low
heat fluxes), it was sometimes possible to continue to increase the exit
quality and to obtain data in the transition boiling, film boiling and
superheated vapor regimes by increasing the preboiler power.
Whenev@r possible, the general data taking procedures outlined above
were followed. Deviations from these procedures were sometimes necessary
due to either facility or stability limitations.
FACILITY LIMITATIONS
The limitations of the facility can be visualized with the aid of
Figure 21. This is a plot of the net power input to the fluid vs. the fluid
temperature at the test section outlet.
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Since the radiating surface area of the condenser was fixed_ the
maximum heat load is determined by the temperature of the piping which_
for this discussion_ is assumed equal to the fluid temperature in the
piping. For a saturated two-phase mixture at a given temperature at the
inlet_ the condenser becomes limiting when the outlet reaches saturation
(neglecting temperature changes due to pressure variations). When this
condition occurs_ the pump'"vapor locks" and violent flow oscillations
result. One point on the condenser limit curve of Figure 21 was determined
experimentally at a saturation temperature of 18OO°F and corresponding
T4power of 50 KW. The curve itself is a line drawn through this
experimental point.
The fluid temperature limit of 21OO°F is determined by the maximum
permissible test section wall temperature. The wall temperature depends
on the fluid temperature_ the test section heat flux and on the heat transfer
"regime" (i.e._nucleate boiling_ film boiling_ etc.). For this discussion_
the maximum fluid temperature is taken as 21OO°F_ although at very low heat
fluxes it is possible to exceed this fluid temperature without exceeding the
test section wall temperature limit.
The maximum combined heater limit is determined from the preheaterj
preboiler and test section heater limits. This has been determined to be
about 80 KW net thermal power to the fluid (about 105 KW gross electrical
power).
The cross hatched area of Figure 21 represents the region outside of
which it was impossible to operate. Whether it is possible to operate at
a point inside this area depends upon_ among other things_ the system
stability.
STABILITY LIMITATIONS
Within the envelope of facility or equipment limits discussed above_
the range of permissible operating variables was further limited by
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instabilities which are common in two-phase flow loops. Although it was
possible to obtain a considerable body of data under stable conditions, the
problem of stability imposed rather severe limitations on the operation.
The general problem of instability in two-phase flow systems is
extremely complex, as evidenced by the considerable time and effort consumed
in attempts to predict the onset of an instability and the subsequent behavior
of a system. It was beyond the scope of this investigation to study the
general problem of stability in two-phase flow systems. What is included
here is a qualitative description of some of the instabilities encountered.
Also, the results of some experiments designed to study certain types of
instability are included in the "Experimental Results" section.
Perhaps the best way to describe some of the instabilities which were
encountered is by considering the sequence of events during a typical test
run in which the system pressure and flow rate are held constant:
i
1. Initially, with no power applied to the system, the fluid is all
liquid with a steady flow rate and pressure.
. The usual procedure was to next bring the test section heat flux
up to the required level. As the test section power was increased,
the fluid temperature at the boiler exit approached the saturation
temperature corresponding t'o the pressure at that point.
31 Further increases in test section power, above that required to
increase the outlet fluid temperature to saturation, usually resulted
in superheating of the liquid. During the superheating process,
the flow and pressure remained essentially constant as the liquid
temperature rose above the saturation temperature.
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t4. Finally_ a "critical" liquid superheat was reached at which
the liquid "flashed" and the fluid temperature dropped sharply
to saturation. The amount of liquid superheating was found to
be a function of the mass velocity_ heat flux_ test section
geometry and a rather strong function of saturation temperature_
with values ranging from about 50°F at Tsat = 2100°F to 350°F at
Tsa t = 15OO°F. Simultaneous with the liquid flashing_ a sudden
decrease in flow was usually observed_ accompanied by dump tank
pressure and level oscillations. The flow would then oscillate a
few times and the fluid would begin to resuperheat. If no further
action were taken_ this cyclic process would continue indefinitely.
A more detailed discussion of this "boiling inception" instability
is given in the "Experimental Results" section.
5. Following the instability associated with boiling inception_ the
behavior of the system with increasing power was dependent upon
several variables_ the most significant of which were the saturation
temperature and the flow rate. In general_ the system tended to become
less stable as the saturation temperature was reduced. For example_
at Tsat = 2100°F_ instability problems were relatively minor_ whereas
at Tsat = 1500°F it was almost impossible in this system to obtain
stable boiling conditions. A saturation temperature of 1800°F was the
practical lower limit for reasonably stable boiling tests. Also_ system
instability became more of a problem as the flow rate was decreased.
This effect was dependent on the amount of throttling in the orifice
upstream of the preboiler. For the range of orifice sizes used_ a
test section mass velocity of about 16 ib/sec-ft 2 was the practical
lower limit for stable boiling tests.
6, As the power was further increased_ at a vapor quality of about
10% to 20% (typical for Tsat = 2100°F and G___ 16 Ibs/sec-ft 2)
stable boiling would begin_ as indicated by the flow rate_ loop
-21-
70
temperatures, loop pressure and dump tank level all becoming
relatively steady.
Stable boiling continued as power was further increased. Usually
at this time, the required test section heat flux had been set
and the power was increased with the preboiler. With each power
increase, the boiling boundary moved upstream toward the test section
inlet.
8o As the boiling boundary approached the test section inlet, small
disturbances in _low rate and pressure were usually observed, and
when the boiling boundary moved from the test section inlet to the
preboiler outlet, large fluctuations occurred. This was probably a
result of flashing of the superheated liquid in the lO-inch unheated
length between the preboiler and test section. Once the boiling
inception point entered the preboiler the system again became stable.
. When the preboiler power was increased further, the system usually
remained stable (at Tsa t = 21OO°F) until the vapor at the test section
outlet started to become superheated.
The above description is necessarily qualitative and is intended only to
be typical. Different types of behavior have been observed depending on,
for example, the rate at which the power is changed. Rapid power changes
often resulted in system instability, whereas the same power change, when
done slowly, resulted in a stable condition.
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Ill EXPERIMENTAL TEST RESULTS AND ANALYSIS
• A. Nucleate Boiling Results
. Five different test sections were used in the Cb-l%Zr facility in
"order to obtain local heat transfer performance in a wide variety of
geometries. Each of these test sections is described in Section II-B
of this report. For all five test sections the results obtained in the
nucleate boiling region will be presented and discussed. The data on
nucleate boiling heat transfer are tabulated in Table 2,
For purposes of treating the nucleate boiling data, the tests are
best considered in two separate groups. The first group consists of the
plain tube (no insert) tests (Test Section Nos. 1 and 3); the second
group is composed of test sections containing inserts (Test Section Nos. 2,
4 and 5).
In the plain tube tests, the measured wall to fluid temperature
differences (AT) are quite small, in the order of IO°F_ and the corresponding
heat transfer coefficients are high (in the order of lO,OOO Btu/hr-ft2-°F) and
exhibit considerable scatter (due to the difficulty in accurately measuring
small values of AT). For this reason an empirical correlation of the data
was not attempted, but rather an understanding of the behavior of the data
was sought through the use of two relatively simple models. Using these two
models, comparisons are made of measured and predicted relationships between
heat flux and _T in an effort to gain some insight into the vaporization* process
in the tubes without inserts.
* The terms vaporization or vapor generation are used to designate the production
of vapor by either one or a combination of the following mechanisms:
(a) Evaporation from the liquid-vapor interface
(b) Vapor production by bubble formation at the heat transfer
surface (boiling or ebullition)
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The second group of data (for the test sections containing inserts)
is quite different from the first. For this data the measured wall-to-
fluid temperature differences are generally larger than for the plain tube
data, and thus it was felt that an empirical correlation would be successful.
Such a correlation is discussed subsequently in this Section.
From a design standpoint, correlation of the second group of data is
more important than correlation of the first. The heat transfer coefficients
for the first group (without inserts) are generally high relative to the single
phase and transition boiling values and, thus will not exert an appreciable
influence on boiler design. The heat transfer coefficients for the second
group (with inserts) are sufficiently low that they are likely to be of signifi-
cance in boiler design.
ANALYTICAL MODELS FOR TUBES WITHOUT INSERTS
In this section, the analytical models used to interpret the plain tube
results will be presented and discussed. The specific area of interest is
defined by the following conditions:
1. Vertical axially symmetric flow in a constant area tube with
a uniform heat flux.
2. Steady flow
3. Two-phase single-component flow of potassium with net vapor
generation.
4. Flow regime of the annular or annular-mist type
5. Heat fluxes less than the critical
Under the above conditions two mechanisms of vapor generation are
possible_ i.e., vapor generation by bubble formation and/or by evaporation
-46-
at the liquid vapor interface. In the present section, proposed methods
for predicting the heat transfer coefficients for both mechanisms of
vapor generation will be presented. Some of the factors which determine
the mechanism of vapor generation will then be discussed.
Vapor Generation by Evaporation at Existing Liquid-Vapor Interfaces.
For this case it is assumed that bubble formation is totally suppressed,
and that vapor is generated by evaporation at existing liquid vapor interfaces.
The flow pattern is assumed to consist of a thin concentric layer of
liquid on the wall with the remainder of the liquid entrained in the vapor
core and traveling with the vapor velocity (see Sketch A below).
3at
Tw
Vapor (Velocity _ Vg)
f f f _ Liquid (Velocity, Vg)
Liquid (Velocity_ Vf)
D.
1
Sketch-A
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The mechanism of heat transfer is assumed to be conduction from the
wall to the liquid vapor interface. Evaporation of the droplets is neglected
and the interface is assumed to be at the local saturation temperature.
By utilizing the expression for conduction across an annulus with a
uniform heat flux imposed on the boundary, the following equation is obtained:
hFE DT 2
NNu - kf = _n DT/D i
(l)
Equation 1 may be rewritten in terms of the average void fraction
and mass fraction of entrained liquid as follows (see Reference 6).
hFE DT 4
Nu kf
where
_g 1-RK ( ) (__x x)= (-_)
g
and E is the entrainment (fraction of liquid flowing as droplets).
(2)
(3)
In an effort to assess the effect of entrained liquid, Equation 2 was
evaluated for several values of the entrainment E with slip ratios K of one
(/_f/P)½_ The resulting Nusselt numbers are shown in Figure 22. Fromand
this figure it can be seen that, within the limitations of the model chosen,
the effect of entrainment is significant only for small values of the slip
ratio, i.e., for slip ratios of order one.
In order to obtain an estimate of the slip ratio, the momentum exchange
model (Reference 7) was used. In this model the relationship between quality
and void fraction is given by the equation:
-48-
2 2 P_ 2(l-x) x r _ ( l-x)
(i-'--_) + _ /_g- ½ )2- ½'
- g g (1-R
g
(4)
• if it is assumed that R _0 when x_O.
g
The void fraction-quality relationship calculated from equation (4)
is shown in Figure 23. This void fraction-quality relationship was then
used in Equation 3 in order to obtain an estimate of the slip ratio. The
resulting values of the slip ratio are shown in Figure 24. From Figure 24
it can be seen that, except in the low quality region, the slip ratio is quite
large for the range of saturation temperatures considered. In view of
the above results, it was decided to use the momentum exchange model to
predict the slip ratios and void fractions to be utilized in Equation 2,
and to assume that the entrainment was zero. The Nusselt numbers calculated
from Equation 2 utilizing the above assumptions are shown in Figure 25.
In the derivation of Equation 2 the heat was assumed to flow along a
straight radial path from the tube wall to the liquid-vapor interface, i.e.,
the curvature of the interface in the axial direction was neglected.
In general d_ _ d(_/D) dx _ 4 q" d (_/D) (5)
dL dx d(L/D) G hfg dx
Figure 26 is a plot of the ratio of film thickness to tube radius against
quality obtained from the void fraction plot in Figure 23 by assuming that
all the liquid is on the tube wall. From Equation 5 it can be seen that the
assumption of small interfacial curvature in the axial direction is poor
4q"
in regions where either d (_/D)/dx or _--_g_ is large. In particular, the
assumption is very poor in the low quality region, i.e., beyond the knee
of the void fraction or liquid film thickness curves. In this region, the
Nusselt numbers shown in Figure 25 drop below the theoretical single-phase
value and the solution is no longer valid. In order to obtain agreement
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between the Nusselt number at zero quality and the fully developed single
phase liquid value an interpolation formula of the form
hTp DT r
kf L o o](hl DT) + _hFE DT.kf _ kf )
1/n
(6)
can be used. The Nusselt numbers calculated from this formula approach the
single phase liquid values at low qualities and approach the film evaporation
values at high qualities. This procedure was used in the construction of
Figure 27. A liquid phase Nusselt number of seven was employed together with
n = 2 in Equation 6.
In addition to the possibility of liquid being entrained in the vapor
core, there also exists the possibility that vapor may be entrained in the
liquid film. Vapor entrained in the liquid film is probably either vaporizing
or condensing depending upon the size of the particular vapor packet considered.
If it is assumed that this change of phase takes place at a very slow rate
(i.e., that a small heat transfer coefficient exists at the interface), then
the presence of the vapor serves to reduce the effective thermal conductivity
of the liquid film. The effect of vapor entrainment may then be estimated by
assuming a small vapor film of thickness 5 adjacent to the wall. Equation (2)
g
then takes the form (E = 0):
4
k_-f = _n [ RE D--_-(I DT) ] (kg 1
(7)
For small values of 5g/D T Equation (7) takes the form
hDT 4
= - kf 5g
- (kg _T
(8)
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The effect of _ /D T on the Nusselt number is shown in Figure 28. From
• this Figure it can be seen that the model is very sensitive to the quantity
. of vapor entrained in the film. For this reason the values of the Nusselt
• Number given in Figure 27 probably represent an overestimate in the inter-
mediate to high quality region.
The following qualitative trends in the two-phase Nusselt number
resulting from the assumption of an evaporative mechanism of vapor generation
should be noted.
a) NNu increases with increasing quality for a given saturation
temperature.
b) NNu increases with increasing liquid Peclet number (this follows
from EqUations 6 and 7).
c) NNu increases with increasing liquid entrainment in the vapor core.
d) NNu decreases with increasing vapor entrainment in the liquid film.
e) NNu decreases with increasing saturation temperature for a given
quality (no vapor entrainment).
f) NNu is independent of heat flux for the particular analytical model
4 f_
chosen. However_ the parameterS* _-q would probably be important if
G hfg
a more sophisticated analytical approach were used. This would be
particularly true in the low quality region (i.e._ beyond the knee
of the void fraction quality curve).
g) hFE increases with decreasing tube diameter if the remaining variables
are held constant.
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Vapor Generation by Vigorous Nucleate Boiling. For this case it was
assumed that vapor generation by evaporation at the liquid vapor interfaces
was negligible. Vapor was assumed to be generated by the formation of
vapor bubbles at the wall of the tube, with the subsequent growth and
transport of these bubbles into the vapor core.
The heat transfer coefficient was assumed to consist of that obtained
by the superposition of the single-phase liquid forced convective heat
transfer coefficient and the nucleate pool boiling heat transfer coefficient
(Reference 8).
• e
The single-phase forced convective heat transfer coefficient was
calculated from the following equation 9 (Reference 9).
NNu = 7 + 0.025 (Npe)0"8 (9)
The nucleate pool boiling heat transfer coefficient was obtained from
Equation 10 below as given by Bonilla in Reference 10.
T w - Tsa t = 49.8 (q,)O.0867 p -0.276 (I0)
Where T is in °F, q" in Btu/hr-ft 2, and P in millimeters of mercury absolute
(t orrs).
The heat transfer coefficients obtained from Equations 9 and 10 were
then combined using the interpolation formula suggested by Kutateladze
(Reference 8), i.e.,
,hNB / hp B 2
(Ii)
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The results of this calculation for a 3/4-inch ID tube are shown
in Figure 29. It was assumed in the construction of Figure 29 that the
single phase Nusselt number was equal to seven, i.e., that the mass velocity
was small.
Equation 10 is based on the pool boiling data of Bonilla (Reference 11).
The data was obtained by boiling potassium on a horizontal nickel plate.
The approximate range of the data is given below.
P(psia) Tsat (°F) q" (Btu/Hr-Ft2.)
0.0387 to 0.2322 690 to 840 up to 105
13.55 to 29.1 1380 to 1540 up to 105
Since both the surface conditions and the range of operating p_essures
in the Cb-l%Zr Facility are different from those in the pool boiling test,
precise agreement between the predicted forced convective boiling heat
transfer coefficient using this data and those obtained from the Cb-l%Zr
Facility cannot be expected.
The following qualitative trends in the two-phase heat transfer
coefficients result from the assumption of a boiling mechanism of vapor
generation.
a) hNB is independent of quality (for all saturation temperatures)
b) hNB increases with increasing heat flux at a given saturation
temperature
c) hNB increases with increased saturation temperature (increased
pressure) at a given heat flux
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d) hNB increases with increasing values of the single phase
liquid heat transfer coefficient
e) hNB is independent of tube diameter
It should also be noted that while it is possible to have total
suppression of nucleation (i.e._ heat transfer by film evaporation only)
it is not possible to have boiling without some evaporation taking place•
To the extent that film evaporation takes place_ the effects mentioned
in the preceding section will also be present during boiling.
Suppression of Nucleation. The question as to which of the two
preceding mechanisms of vapor generation will take place in a given situation
will now be examined with the help of a model presented by Bergles and
Rohsenow (Reference 12). In Reference 12 a graphical procedure was proposed
which could be used to predict the conditions necessary for boiling inception.
The graphical procedure can best be understood by referring to Sketch B
below:
T
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The condition for bubble growth given in Reference 12 is that Tl_ Tg
for all values of y_b. For the limiting case of boiling inception_ the
following conditions apply:
(a) T_ = Tg at y = b
dT_ dT
(b) _-y = _ at y = b
The liquid temperature near the wall is assumed to be linear and is
determined from the equation:
= Tw - q" Y (lS)
The temperature inside the vapor bubble is approximately the saturation
temperature corresponding to the pressure inside the vapor bubble as given
by the Helmholtz relations for the radius of curvature_ i.e. 3
The relationships between the height of the bubble (b)_ the bubble
radius (r)_ and the cavity mouth radius (rc) are given by the following
equations (obtained from Sketch B).
b = (i + cos/) r (14)
r sin/= r c (15)
where
O° _ /_ 90 °
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It might have been well to omit the consideration of contact angle _in
this derivation since in general the relationships between cavity mouth radius_.
bubble height, and bubble radius at boiling inception cannot be written down
independently of the cavity shape. Since potassium is generally assumed to
be a highly wetting fluid (i.e., small contact angle)*, it was assumed that
all the non-re-entrant or conical type cavities would be "snuffed out" and
that only those cavities which were not flooded by subcooled liquid (i.e.,
re-entrant cavities) would trap vapor**.
For the particular cavity shape shown in Sketch B, if it is assumed
that ( 0 +_@) _ 90° then the conditions of equilibrium at the liquid vapor
interface will require that the liquid be subcooled if the interface is
within the cavity. Under these conditions the liquid vapor interface will
retreat to the inside lip of the cavity as soon as some wall superheat is
available. It will then, somehow, round the corner and hang on the outer
lip of the cavity in the condition of equilibrium shown in Sketch B until
boiling inception occurs. If it had been assumed that ( 0 +f) _ 90° then
the liquid would have been superheated within the cavity. The superheat
required for boiling inception could then have been dependent on the cavity
angle 0 • Since it was desired to include (in at least an approximate
fashion) the effect of contact angle _, but not the effect of cavity angle
*Some contact angle measurements for potassium obtained by General Electric
Company - SPPS of the RSD by a sessile drop technique are given below
(Reference 45)
Material Temperature Equilibrium Contact Angle
(Receding)
Carboloy 907 -_-23_°C 22 °
Carboloy 907 _'221°C 26 °
Carboloy 907 _-223°C 20 °
Mo TZM e_230°C 0 °
** Reference 13 contains a good discussion of re-entrant and conical type
cavities
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_, the above cavity configuration was chosen. In reality, a complete
solution to the boiling inception problem probably requires solution of
the fluid flow and heat transfer problem associated with the expansion of
the initial volume of trapped vapor to the final state of boiling inception.
I
In Reference 12, the bubbles were assumed to be hemispherical (b = r = r c)
and the above equations were solved graphically to obtain a boiling inception
curve, i.e., the relationship between the heat flux and wall superheat at
boiling inception. The actual point of boiling inception is then determined
by obtaining the point of intersection of the boiling inception curve with
the usual single phase forced-convection or natural-convection heat transfer
relationship between q" and T for a particular value of bulk fluid
w
temperature.
Since the graphical procedure is somewhat tedious, an approximate solution
to the above equations was obtained in the following manner. Assume that the
vapor-temperature inside the bubble can be satisfactorily approximated for
small superheats by Equation (16) (Reference 14), where Tsat is the saturation
temperature corresponding to the external liquid pressure. Equations 12, 14
2¢r Tsat Vfg
Tg = Tsat + Jhfg r (16)
15 and 16 are then solved simultaneously to determine the relationship
between q" and T - T which will satisfy conditions (a) and (b) listed
w sat
according to Sketch-B. The resulting expression is
2
. Jhfg kf (T w -Tsat) (17)
qi = 8_-(1 + cos/_) Tsat Vfg
The critical cavity radius (the radius of cavity that nucleates first)
is given by the expression:
40"Vfg Tsar sin/_
r = (18)
c Jhfg (T w - Tsat)
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The accuracy of Equation 17 may be Judged by referring to Figure 30,
in which graphical solutions have been compared with calculated values
from Equation 17 for different fluids. In each case it was assumed that
= 90 ° (i.e., b = r = r ). The graphical solution for water is given
c
in Reference 12j while that for Freon 113 was obtained from Reference 15.
The graphical solution for potassium shown in Figure 30 was made following
the procedure given in Reference 12.
Equations l7 and 18 were used to generate the curves shown in Figure 31
for potassium. The wall superheat required for boiling inception at a given
heat flux is shown as well as the critical cavity size.
Equation 17 applies strictly for the case of there being an infinite
range of cavity sizes available on the heat transfer surface. If a finite
maximum cavity size exists of radius rmaxJ then the wall superheat at boiling
inception is given more correctly by Equation (19) 2
20"Tsa t Vfg sln_ ql (I + c
(Tw " Tsar) = Jhfg rma x + _f sin rmax (19)
The existence of a limited range of cavity sizes acts to increase the superheat
required for boillng inception at any heat flux. This behavior is shown in
Figure 32. The nearly vertical lines represent the minimum wall superheat
requirement as obtained from Equation 19 for the maximum cavity size shown
on the curve. The asymptotic solid line was obtained from Equation 17. Also
shown on Figure 32 are the usual slngle phase forced-convectlon lines obtained
from Lyon's Equation (Reference 9),
.8
NNu = 7 + 0.025 (Npe) (20)
Figure 32 illustrates the manner In which the boiling inception point
can be estimated. Ifj for example_ the heat flux is set at20,OO0 Btu/hr-ft 2
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then about I°F of wall superheat is required for boiling inception if an
.infinite range of cavity sizes are available. Boiling would then commence
• when the bulk fluid was about 10°F subcooled_ as can be estimated from the
.forced convection liquid heat transfer plots on the Figure. If_ on the
"other hand_ a maximum cavity size of r _ = 0.05 mils existed on the heat
max
transfer surface 3 then boiling would not begin until the bulk fluid was
superheated about 30°F.
Equations 17 and 19 will now be used to investigate the question of
total suppression of nucleation in the region of net vapor generation.
Although many of the factors influencing nucleation are not clearly under-
stood 3 it will be assumed as an idealization that nucleation from the tube
wall will take place if the following conditions exist:
(a) Small cavities or pits are present on the tube wall
(b) These cavities contain entrapped vapor or gas
(c) The wall superheat is sufficient to activate the cavity_
i.e._ to cause the small vapor space present in the cavity
to grow and produce bubbles.
Condition (a) is generally met by any commercial surface. Micrographs
of the heat transfer surface in Test Section No. 1 used in the Cb-l%Zr Facility
during the period 8/1/64 to 11/14/64j are shown in Figures 33 and 34. The
particular test section shown in these figures was removed from the loop on
11/14/64 after approximately 671 hours of operation at temperatures above
8OO°F. The approximate size of some of the more obvious pits or scratches
have been designated in the photographs.
Condition (b) is probably the most difficult of the three conditions
to treat adequately for alkali metals. In the Cb-l%Zr Facility for examplej
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the potassium used as a working fluid is quite pure (less than 50 ppm O2)
and considerable care is taken to exclude any gases from the test section.
With the potassium fill line closed_ the loop piping is evacuated down to
approximately 25 microns with an auxiliary vacuum pump. The vacuum line
is then closed and the loop is filled by pressurizing the dump tank with
argon. If it is assumed that inert gases are not present in the test
section_ then each time subcooled liquid flows over the heat transfer
surface all of the cavities are "snuffed out" except those of the smaller
re-entrant type. This is due to the fact that potassium wets the surface.
The net result of the above effects is that relatively high degrees of wall
superheat would be required at the beginning of two-phase operation. Some
verification of the above hypothesis is found in the relatively high value
of wall superheat (2OO°F at Tsa t = 18OO°F) observed at the beginning of
two-phase operation (see Table 11) o
Condition (c) can be treated by using Equations 17 and 19 in conjunction
with the previously derived film evaporation theory as given in working chart
form by Figure 27. It will be assumed that if the wall superheats calculated
from the film evaporation model are sufficient to cause nucleation then
nucleation will occur and the boiling mechanism will predominate. In view of the
above discussion it is evident that this is a necessary but by no means
sufficient condition for boiling. However_ the use of this assumption will at
least permit a preliminary estimation to be made of the,regions in which nucleate
boiling and film evaporation will take place.
The steps necessary to make such an estimate are illustrated by Figure 35.
The wall superheats required are obtained from Equations 17 and 19. The maximum
cavity size on the surface is taken as a parameter in the construction of these
curves. The available wall superheat is then obtained from the film evaporation
model using the Nusselt numbers from Figure 27. If the available superheat
exceeds the required superheat it is assumed that nucleation will occur. The
end results of this procedure for an approximately 3/4-inch diameter tube are
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shown in Figure 36. The lines plotted in Figure 36 are calculated boundaries
between conditions of boiling with nucleation (bubble formation) and conditions
of evaporation from the liquid-film interface without nucleation.
In order to utilize Figure 36 some knowledge of the range of cavity
sizes available on the heat transfer surface is required. For example, based
on Figures 33 and 34, a maximum cavity radius of O. 1 to 0.2 mils may be estimated
for the test section used in the Cb-l%Zr Facility. Based on this estimate
Figure 36 indicates that the mechanism of vapor generation of qf' = 105 Btu/hr-ft 2
and Tsat = 2100°F would be vigorous nucleate boiling for qualities less than
70%. For the same conditions at Tsat = 15OO°F, Figure 36 indicates there would
be no boiling and that the mechanism of vapor generation would be film
evaporation. It should be pointed out that Figure 36 applies only to an
approximately 3/4-inch ID tube. Since the film thickness increases when the
tube size is increased (see Figure 26) the likelihood of boiling is greater
for large diameter tubes and less for small diameter tubes if all other variables
are the same.
The following qualitative trends can be deduced from Figure 36:
Ca) At a given heat flux, saturation temperature, and maximum
cavity size, boiling with bubble formation tends to be suppressed
by increasing quality.
(b) At a given heat flux, saturation temperature and quality,
boiling with bubble formation tends to be suppressed for smaller
values of the maximum cavity sizes (i.e., for smoother heat
transfer surfaces).
(c) At a given quality, saturation temperature, and maximum cavity
size, boiling with bubble formation tends to be suppressed by
lowering the heat flux.
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(d) At a glven quality, heat flux, and maximum cavity size,
boiling with bubble formation tends to be suppressed by lowering
the pressure.
The highly preliminary nature of the mapping shown in Figure 36 should
be stressed. Some of the more important sources of error are the following:
l
la Inadequacies in the method used to calculate the film thickness.
In this connection particular attention should be called to the
fact that, in the method used, an assumption was made that the
film thickness is independent of the heat flux.
. The assumption of a smooth interface.
The assumption of a smooth interface (i.e., the assumed
absence of waves on the liquid vapor interface) is known to be
unrealistic. In general the presence of waves on the interface
will probably increase the film evaporation heat transfer
coefficient. Although there are many factors which influence
the wave amplitud_ the effect of heat flux should be particularly
noted. In Reference 16 Zuber suggested that the thrust exerted
by the vapor on the liquid vapor interface would act to destabilize
the interface. Since the vapor thrust is proportional to the
square of the heat flux, waves of larger amplitude might be expected
at higher heat flux levels. This would have the effect of extending
the film evaporation region in Figure 36 at the higher heat fluxes,
i.e., the boundary lines would become more vertical for the higher
heat fluxes.
. The effect of vapor in the liquid film .
The presence of vapor in the liquid film would lower the film
evaporation heat transfer coefficient and thereby extend the
boiling region in Figure 36. The presence of vapor in the liquid
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film could be due either to entrainment from the vapor core
or to latent (inactive) bubbles present on the heat transfer
surface.
Errors in the estimate of the maximum cavity size
. The possible effect of contact angle on the wall superheat
requirement
Any of the factors listed above could quantitatively alter Figure 36.
However_ it is less probable that the qualitative trends evidenced by the
map would be radically altered. It should also be pointed out that Figure 36
was constructed by assuming that the mechanism of vapor generation was film
evaporation and then determining the conditions necessary for boiling to
begin. In general_ the location of the boundary lines in Figure 36 would not
be expected to be independent of the direction in which they are traversed.
For this reason the map would be expected to be less reliable in predicting
the point of boiling suppression than the point of boiling inception.
In Figure 37 the boundary mapping has been presented in a generalized
dimensionless form. The effects of contact angle /_and bubble radius r are
shown paramet rical ly.
EXPERIMENTAL RE_JLTS FOR TUBES WITHOUT INSERTS
In this section the process of forced-convection vaporization of potassium
inside a tube with a uniform heat flux imposed on the tube boundary will be
discussed with the aid of data from the Cb-1%Zr Facility. During the course
of the discussion frequent comparison will be made between the data and the
previously derived analytical results. In this way the areas of agreement
and disagreement can be assessed. Those weaknesses in the analyses which appear
to be the most likely cause of discrepancies will be noted.
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Discussion of Results. In Figure 38 measured axial wall temperature
distributions along the test section are shown. Corresponding heat transfer
coefficients calculated from these measured temperatures in the two-phase
region are shown in Figure 39. Some additional information on the runs
shown in Figures 38 and 39 which is pertinent to the discussion is tabulated
below:
Data T b - T T - Est. Change
Symbol dTb/d(L/D) L/D sat w Tsat In T Due
In Figs. (L/D) To At At sat
38 and 39 To Peak To Sattn Peak Peak (°F) Peak (°F) To _PTp._ -
O 21.3°F 25.6 27.25 35.0 65 0.63°F
19.9°F 27.9 30.00 41.8 62 O.61°F
A 16.3°F 32.8 35.50 44.0 58 O.57°F
Focusing attention on the curves in Figure 38_ two distinct regions
separated by a peak'ln wall temperature are observed. Near the inlet
of the tube both the wall and liquid temperatures are rising at about the
same ratej since both temperatures are below the saturation temperature. No
vaporization is taking place and the heat is transferred by ordinary single
phase liquid forced convection. Further along the tube the wall temperature
increased above the saturation temperature so that surface boiling had become
a possibility. However_ the wall temperature continued to increase at about
the same rate_ which indicates no significant change in heat transfer coefficient
and suggests that no surface boiling had taken place. As shown by the wall
temperature peaks in Figure 38_ boiling finally started at wall superheat
levels of about 60°F_ depending on the heat flux. The corresponding calculated
bulk liquid superheats at the points of boiling inception are about 40°F.
The point of boiling inception should be predictable using Figure 32.
If_ based on Figure 34_ a maximum cavity size of r = O.1 mils is assumed_
max
boiling should occur_ according to Figure 32_ when the bulk fluid is about
50°F subcooled for the highest heat flux run in Figure 38. The fact that
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instead some bulk liquid superheat existed at the boiling inception point
suggests the possibility that the larger cavities might have been "snuffed
• out", due to prior liquid phase operation, and that only the smaller cavities
might have been operative.
m
If, for example, the maximum size of the cavities containing vapor is
assumed to be r = O.O1 mils, then from Figure 32 the estimated bulk
max
liquid superheat required to initiate boiling would be about 150°F for a heat
flux of 100,000 Btu/hr-ft 2. When this high a liquid superheat is present, the
position of the boiling boundary (boiling inception point) can fluctuate
significantly. This in turn will cause corresponding fluctuations in the
measured local wall temperatures in the vicinity of the boiling boundary,
which were sometimes observed with the Cb-l%Zr Facility. The data plotted
in Figure 40 are an example of this.
The data points in Figure 40 designated as T/C-A15, A16 and A17 are wall
temperatures recorded in the vicinity of the boiling boundary. The numbers
designate the particular thermocouples used to make the measurements. According
to the Cb-l%ZrFacility Operating Log*, thermocouples number A16 and A17 had
temperature fluctuations of approximately IO0°F amplitude, _and thermocouple A15
had slight fluctuations in temperature. These observed wall t'emperature
fluctuations are believed to be due to fluctuations in position of the highly
superheated boiling boundary. It should be noted that the temperatures shown
in Figure 40 were read from inlet to exit of the tube with about a 10 second
delay between each reading. Therefore, the resulting wall temperature profile
shown in the figure is not an instantaneous picture.
The extent of the instability of position of the boiling boundary associated
with the runs shown in Figures 38 and 39 is not known. However, it is felt that
$1OO KW Facility Log, vol. II, page 149; 1445 hours, 2/14/64
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some instability is always associated with the boiling boundary when the
associated local bulk liquid is superheated (see Section Ill-G).
After vaporization had begun_ the wall temperatures shown in Figure 38
decrease rapidly at first and then reach relatively constant values downstream
of the peak. If the local instability of position of the boiling boundary
is due to intermittent boiltngj caused by periodic 'tsnuffir_ out *t of the
larger cavities as discussed in Section III-G_ then the mechanism of vapor
generation in the low quality region downstream of the peak is probably one
of film evaporation. For this case_ in spite of the fact that the local
wall superheat immediately downstream of this peak was sufficient to produce
bubble nucleation from the larger cavities I boiling with bubble nucleation
did not take place since these cavities had been snuffed out. For the runs
shown in Figure 38 boiling with bubble nucleation may not have begun until
sufficient vapor had been entrained in the liquid film to activate the larger
cavities present on the surface of the tube. In order for this to occur the
following sequence of events must take place:
1. Vapor must be entrained in the liquid film
2. The entrained vapor must displace the liquid from a nucleation site
m The f_captured site" must itself be capable of serving as a site for
further nucleation or as a site from which nucleation can spread
to adjacent cavities.
For the reasons given above_ the heat transfer coefficients in the two-
phase region downstream of the spike would be expected to increase with
quality in accordance with the film evaporation theory until the larger
cavities become active. At this point there should be s rather sudden increase
in the heat transfer coefficient to about the pool boiling value_ and very little
change thereafter. There is some indication of these trends shown by the data
in Figure 39.
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Some further confirmation of the hypothesis that bubble nucleation is
suppressed in the low vapor quality region immediately downstream of the
• boiling boundary is indicated by the data shown in Figures 41a through
41d. In these runs, some net quality was present at the inlet of the test
e
• section, and although the qualities were quite low, the heat transfer
coefficients obtained were about the same as those calculated from the
forced convection nucleate boiling model (Equation 11), and they showed
little variation with quality as predicted by the model.
The Nusselt numbers obtained from the heat transfer coefficient data
shown in Figure 39 were compared with the values calculated by the film
evaporation model (Equation 6). This comparison is shown in Figure 42. The
comparison at low qualities is a severe test of the film evaporation model,
since it is in this region where the effects of both liquid entrainment and
axial curvature of the interface are expected to be the greatest. As discussed
4q"
earlier, the latter effect is related to the parameter A_g" Values of this
parameter for the data are shown in Figure 42. In general, the experimental
Nusselt numbers apparently increase with increasing values of this parameter.
It is felt that a film evaporation theory which included the two effects
mentioned above could adequately predict the Nusselt numbers in the low
quality region. From a design standpoint the present model may provide a
conservative estimate of the heat transfer coefficients in this region_ as
shown in Figure 42 by the comparison between the experimental Nusselt numbers
and the values calculated from the film evaporation model.
Forced convection nucleate boiling heat transfer data taken with Test
Section No. 1, a O.767-inch ID tube without inserts, are plotted in Figures 43
and 44, as local heat flux q" versus wall-to-fluid temperature difference _T
and as local heat transfer coefficient h versus local vapor quality. The data
shown in Figures 43 and 44 all have wall-to-fluid temperature differences
which are less than those calculated using the forced convection nucleate
boiling model (Equation 11), except for one point in each of Figures 43a and
43c. The corresponding plots of local heat transfer coefficient h versus local
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vapor quality in Figures 43b, d and 44b, d, respectively, show that the heat
transfer coefficients are nearly independent of vapor quality, but have a
definite trend of increased heat transfer coefficient with increasing heat
flux.
These trends tend to confirm the hypothesis that there was boiling with
bubble nucleation. For example, using Figure 36 it is estimated that all the
2100°F data in Figure 43a, except the single point to the right of the nucleate
boiling line, should have been in boiling with bubble nucleation if maximum
cavity sizes in the range O.1 mil _ r _ O.2 mil were present.
max
Local nucleate boiling data from Test Section No. 3, a O.423-inch tube
without insert, are shown in Figure 45. These data also show a trend of
relative independence of the heat transfer coefficient with respect to vapor
quality. The trend with respect to heat flux is not as clear as with the
Test Section No. 1 data. The heat transfer coefficients for the Test Section
No. 3 data are in about the same order of magnitude but are a little higher
than those from Test Section No. 1 shown in Figure 43, for which a larger
diameter tube was used. In both cases the order of magnitude of the
coefficients is about 10,0OO Btu/hr-ft2-°F, with a few of the Test Section No. 1
data falling a little below this_ especially at low heat flux, and most of
the Test Section No. 3 data being above this value.
Further confirmation of the hypothesized mechanism of boiling with bubble
nucleation at low heat fluxes and intermediate quality levels is obtained from
Figures 46a and 46b. From these Figures it can be seen that there is little
or no variation in heat transfer coefficient with quality along the tube
length. This strongly suggests that there was boiling with bubble nucleation.
The persistence of the boiling mechanism at these low heat fluxes may be due
to the fact that once boiling begins in the tube the presence of the bubbles
in the liquid film may increase the film thickness and thereby increase the
liquid superheat at the wall. If this takes place, the process might "stay"
in boiling with bubble nucleation somewhat longer than otherwise would be
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• expected at low heat fluxes.
• Con_!usions. Based on the preceding discussion of the data the following
• tentative conclusions may be drawn:
lo
1
o
If boiling with bubble nucleation occurs in the tube, the heat
transfer coefficients predicted by the forced convection nucleate
boiling model, Equation (ii), appear to be somewhat conservative
(Figures 43a, b and 45a, b).
If-vapor is generated by film evaporation without bubble nucleation,
the heat transfer coefficients predicted by the film evaporation
model, Equation (6), appear to be somewhat conservative in the low
quality region (Figures 41 and 42), but may over-estimate the
heat transfer coefficient in the intermediate and higher quality
regions (Figures 43a, b, 45a, b and 46).
The map presented in Figure 37 is useful in making a preliminary
judgement as to the predominant mechanism of vapor generation, if
operation occurs entirely in a region of conditions well removed
from the predicted boundary lines. Figure 37 should be used with
caution, because the location of the boundary lines given by it
may not be very accurate, due to such factors as the fthistory" of
the surface, the distribution of cavity sizes and presence or absence
of impurities in the fluids.
For the range of the tube diameters, heat fluxes, saturation pressures,
and mass velocities considered for boiler design (Reference 3), the two-phase
heat transfer coefficients at heat fluxes less than the critical heat flux
are apparently quite high, in the order of 10,OOO Btu/hr-ft2-°F, regardless
of the mechanism of vapor generation. For this reason an accurate method for
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predicting the mechanism of vapor generation is not required for application
to boiler design. It is important_ however_ to recognize that different
mechanisms of vapor generation may occur in the tubej since this can aid
in the correlation and understanding of the data. It is felt that the
present treatment is probably adequate for design purposes and a recommended
design procedure for calculating two-phase heat transfer coefficients based
on this treatment is given below.
Suggested Design Procedure_:For Estimating Nucleate Boiling Coefficients
In Tubes Without Inserts. A suggested design procedure for calculating two-
phase heat transfer coefficients in tubes without inserts at heat fluxes
less than the critical heat flux is the following:
1. Using Figure 25 together with Equation 6_ calculate the film
evaporation model heat transfer coefficient.
2. Using Equations 9_ 10 and 11 calculate the forced convection
nucleate boiling model heat transfer coefficient.
3. Utilizing a map like that shown in Figure 36 or 37 estimate the
mechanism of vapor generation.
o Use the heat transfer coefficient applicable to the particular
mode of vaporization estimated. If additional conservatism is
desired use the smaller of the two values calculated from step-1
and step-2 irrespective of the regime.
EXPERIMENTAL RESULTS FOR TUBES CONTAINING INSERTS
Test Sections 2_ 4 and 5 contained swirl flow generator inserts_ which
are described in Section II-B. The data obtained from these test sections
are shown in Figures 47_ 48 and 49. Plots of both heat flux as a function of
_IT and heat transfer coefficient as a function of quality are shown in these
figurem. The data in these Figures are tabulated in Table 2. The data are
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based on measured wall and centerline fluid temperatures and have not been
Corrected for effects of radial acceleration caused by swirl flow_ as
discussed below.
Since each of the inserts induces a swirling or helical motion in the
flow_ it effectively imposes a high radial acceleration on the fluid. If the
flow pattern is visualized as a relatively thin layer of liquid adjacent to
the wall with a vapor corej then there exists a radial pressure difference
between the fluid at the wall and that at the center line. If it is assumed
that the vapor is saturated at the center llne, then the center line temperature
must be corrected to obtain the saturation temperature at the wall_ for use in
the forced convection nucleate boiling model (Equation 11)_ or that at the liquid
vapor interface for use in the film evaporation model (Equation 6).
If the annular flow pattern discussed above is utilized together with
the assumption of s uniform axial velocity in the liquid and vapor phases_
then the following equation is obtained for the radial acceleration a R in g's
(from Equation B-15 in Appendix B).
_- 2 (i.x>2 G2 ._
an = 2 (p-7-_-)n_ (gc /2--DTJ (21)
An approximate expression for the change in saturation temperature
between the wall and center line is as follows_ assuming K =_/f//g
(Equation B-19_ Appendix B).
r v"I l (22)
Since a R at the wall can be varied by changing the slip ratio_ a wide
range of values for aRf and Tsat at the wall are possible. Values of a R
calculated using Equation (9.1) for an assumed sllp ratio K =_ /_flpg are
tabulated in Table 2 for each of the data points shown in Figures 47
through 49.
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In an effort to ascertain if any detectable trend in the data as a
function of radial acceleration existe_ Figure 50 was constructed using
the data from Test Sections No. 2_ 4 and 5 at 21OO°F. The corrected
temperature difference appropriate to a slip ratio assumption of K = (_f/Pg)½
is plotted against a R at the wall with heat flux as a parameter.
A line can be fitted through the data_ but with considerable scatter.
However_ the data strongly suggest that (Tw - Tsa t) may not be a single
valued function of aR for a given heat flux. A somewhat similar result was
evidenced by the pool boiling data of Merte and Clark (Reference 17) showing
the effect of gravity on nucleate boiling of water. This data showed a
decrease in (Tw - Tsa t) with increasing g's at low heat fluxes (possibly due
to the enhanced natural convection effect)_ and an increasing (Tw - Tsat)
with increasing g's at high heat fluxes. At intermediate heat fluxes
- T was not a single valued function of the acceleration normal to(Tw sat )
the heated surface. A good discussion of these trends is given by Westwater
(Reference 18).
o
It may be_ for pool boiling_ that at the low heat fluxes when the
mechanism of heat transfer is predominately natural convection and bubble
agitation the effect of gravity is to enhance the heat transfer process_ while
at the higher heat fluxes where the heat transfer mechanism may be by latent
heat transfer process_ as discussed in Reference 16_ the effect of gravity is
the reverse. However_ whatever the reason may be for the case of pool boiling_
there does not seem to be any clear cut dependence upon a R for the forced
convection boiling data shown in Figure 50.
An empirical correlation of the potassium nucleate boiling heat transfer
coefficient data for flow in tubes with swirl generator inserts is given
in Figure 51 for various saturation temperatures. Since the correlation
is primarily empiricalj extrapolation outside the range of the data should
be made with caution. All of the nucleate boiling data taken with swirl generator
inserts (Figures d7_ 48 and 49) are included in Figure 51. It is seen from
Figure 51 that the empirical equation
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hNB = O.0016 (P/D)(1 + aR)O'16(q")l'16, Btu/hr-ft2-OF (23)
cbrrelates the data from the different insert test geometries reasonably
well within the experimental uncertainties. Equation (23) includes the
t_ends of: independence of the heat transfer coefficients with respect to
vapor quality and saturation temperature; increasing heat transfer coefficient
with increased heat flux; and increased coefficient with increasing insert
twist ratio (P/D). These trends can be seen in the test data by examining
Figures 47, 48 and 49. Comparison of Figures 47, 48 and 49 with Figures 43
and 44 shows that the heat transfer coefficients in the tubes with swirl generator
inserts tend to be lower than those in tubes without inserts taken at comparable
conditions.
B. Critical Heat Flux Results
The general procedure used .for taking critical heat flux data was an
extension of the procedure used to obtain nucleate boiling data; i.e., the
saturation temperature, _ass velocity and test section heat flux were held
constant while the quality was increased by slowly increasing the preboiler
power until the critical quality corresponding to the test conditions was
reached. The onset of the critical heat flux condition was detected by
observing the behavior of test section wall temperatures as they were
recorded (along with other pertinent system parameters) on an 8-channel
Sanborn oscillograph recorder. In the nucleate boiling regime, the test
section wall temperature was relatively steady, with small random oscillations
of less than about 5°F. The behavior of the test section wall temperature at
the onset of the critical heat flux condition in tubes without inserts was
found to be of two general types_ depending on the magnitude of the heat flux.
When the critical heat flux condition was reached at relatively high
heat fluxes, for tubes without inserts, the wall temperature would suddenly
begin to rise on a rapid transient, sharply distinguishable from the small
fluctuations typical of nucleate boiling conditions. Presumably, if no
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corrective action were taken, the wall temperature would have continued to
rise until stable film boiling was established, or until some limit to the
process occurred such as test section failure or reduction of heat flux
due to increased heat losses caused by the correspondingly higher wall and
radiant heater temperatures. In order to protect the test section from
damage_ such runs were terminated by either automatic or manual reduction of the
test section power after the wall temperature transient had begun.
At relatively low heat fluxes and correspondingly higher vapor qualities,
onset of the critical heat flux condition was not so definite and the wall
temperature behavior was similar to that illustrated in Figure 52. Under
these conditions (low heet flux), when the vapor quality was raised beyond a
certain critical value, which depended on the test conditions, there resulted
an increase in amplitude of the wall temperature fluctuations above that
characteristic of the nucleate boiling regime. Further increases in vapor
quality resulted in corresponding increases in the amplitude of the wall
temperature fluctuations and the time-average wall-to-fluid temperature difference
until, at sufficiently high vapor qualities, stable film boiling was established.
As illustrated in Figure 52, the wall temperature in the transition boiling
regime oscillates within an envelope for which the upper temperature bound
increases with increasing quality and the lower bound is approximately constant
at the level corresponding to that for nucleate boiling.
The two general types of wall temperature behavior discussed above were
observed in plain tubes without inserts. The rapid temperature transient,
observed in plain tubes at relatively high heat fluxes was not observed
(up to the maximum heat flux tested) in the test sections containing inserts.
Rather, the temperature behavior in the test sections with inserts at relatively
high heat fluxes, as well as low heat fluxes, was similar to that observed in
the plain tubes at low heat fluxes. Also the inserts increased the critical
quality corresponding to a given heat flux. Thus_ the effect of the inserts
was to:
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.a
Increase the critical heat flux corresponding to a given
quality, or, equivalently, increase the critical quality
corresponding to a given heat flux.
Prolong, to a higher quality, the transition boiling regime,
prior to beginning of stable film boiling.
In what follows, specific examples of the wall temperatUre behavior
will be given and discussed. The critical heat flux data obtained and an
empirical correlation of the data will then be presented.
MEASURED TEMPERATURE AT POST-CRITICAL HEAT FLUX CONDITIONS
Figure 53 is a segment of a typical recorder chart, obtained during a
critical heat flux determination at a heat flux of 211,0OO Btu/hr-ft 2. Prior
to the preboiler power increase (test section inlet quality increase), the
pressure downstream of the orifice, the flow rate and the fluid temperature
at the test section outlet were steady and the test section wall temperature
had small random oscillations, characteristic of nucleate boiling. Following
the power increase, the wall temperature began an abrupt, rapid transient
which actuated the automatic power reduction system. This run is typical of
the type of wall temperature behavior observed when the critical heat flux
condition was exceeded at heat fluxes above about 150,OOOBtu/hr-ft 2, in tubes
without inserts.
Figure 54 shows segments of a continuous recorder chart obtained during
a run using a tube without insert at low heat flux (r_50,OOO Btu/hr-ft2). The
time of day during the run when each segment was taken is marked on the recording
in hours. This run illustrates the general behavior of the test section wall
temperature as conditions are changed sequentially from the nucleate boiling
regime into transition boiling, stable film boiling and finally into superheated
vapor conditions. In segment-l, before the preboiler power increase, the test
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section is apparently in nucleate boiling although there was an occasional
small excursion in the wall temperature indicating that the critical heat
flux condition was imminent. Immediately following the preboiler power
increase (segment-1) j the amplitude of the wall temperature oscillations
momentarily reached values up to about 50°F and then became more steady.
In segment-2_ after the next preboiler power increase_ the amplitude of
the wall temperature oscillations increased markedly to values of about 75°F
with a peak value of almost 150°F_ indicating that the test section outlet
region was in transition boiling. Following a further preboiler power increase_
in segment-3_ the wall temperature started to rise steadily and finally
reached a maximum and leveled off in stable film boiling. In segment-4_ the
preboiler power was again increased_ resulting in slightly superheated vapor
at the test section outlet_ as indicated by the rise in measured bulk fluid
temperature. Further increases in power (segment-5) resulted in a measured
outlet vapor superheat of about 200°F. In segments-6 and -7_ the preboiler
power was reduced in steps to repeat in reverse the sequence of events
observed when going up in preboiler power. The wall temperature behavior
during the power reductions is very similar to that observed when increasing
power. Heat transfer coefficients calculated from the measured wall
temperatures_ using the procedures described earlier_ are noted under
segments-2_ -3 and -4 of Figure 54 at the tiKes for which they were calculated
in the transition_ film boiling and superheated vapor regimes_ respectively.
Figure 55 compares the wall temperature behavior for a tube without
insert with that obtained for a tube with a helical insert. The upper
recorder chart in Figure 55 shows the characteristic sharp temperature rise
at onset of critical heat flux conditions for the tube without insert. The
recorder chart segments in the lower part of Figure 55 were taken with a
tube containing a helical insert (P/D = 6). For this run_ the wall temperature
began to oscillate slightly at a quality approximately equal to the critical
quality in the run with no insert; but there was no sharp temperature excursion_
even though the heat flux levels were the same. Further increases in quality_
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approaching 100%, resulted in increases in amplitude and mean level of the
wall temperature fluctuations, characteristic of the transition boiling
e
regime, but did not result in onset of stable film boiling conditions. This
m
suggests that a helical swirl-generator insert prolongs the transition
boiling regime to higher quality levels than would be obtained in a tube
without insert for the same heat flux.
CRITICAL HEAT FI/JX DATA AND CORRELATION
As discussed above, onset of the critical heat flux condition was
detected by observing the behavior of test section wall temperatures. In
tubes without inserts at high heat fluxes, the critical quality corresponding
to a given heat flux was rather definite, since, at that quality, the wall
temperature would "jump" almost discontinuously from the value associated
with nucleate boiling to the film boiling value. For tubes without inserts
at low heat flux or in tubes containing helical inserts, the temperature
fluctuated with a continuously increasing amplitude from nucleate boiling
through transition boiling to film boiling as the vapor quality was raised.
Thus, in these cases, the "critical quality" corresponding to the critical
heat flux condition cannot be precisely determined. The criterion which was
arbitrarily selected as a working definition for runs in which this type of
behavior occurred is that for a given heat flux, the "critical quality f' is
that quality for which the time-average fluctuating wall-to-fluid temperature
difference becomes approximately equal to twice the corresponding steady-state
nucleate boiling temperature difference. For data taking purposes, the time-
average fluctuating wall temperature at the critical heat flux condition was
estimated directly from the recorder charts made for each of the test runs,
and a constant value of 10,000 Btu/hr-ft2-°F was taken as the nucleate boiling
heat transfer coefficient over the range of variables covered in these tests.
The critical heat flux data obtained are tabulated in Table 3. Figure 56
is a plot of these data together with the critical heat flux data from
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Reference 3_ taken in the 300 KW two-fluid boiling test facility. The two
groups of data are correlated reasonably well by the following empirical
equation from Reference 3:
_i (lO6)
,, (I + aR Btu
, (24)
qc = x hr_ft 2
1 + 2 (1_-_-Cx)
c
The parameter aR in equation (24) is the radial acceleration of the fluid
at the tube wall, in g's_ developed by the helical insert, and is calculated
using the following equation:
C. Transition Boiling Results
As described above 2 the critical heat flux condition marks the end of
the "nucleate" boiling regime, which is characterized by relatively high heat
transfer performance. After onset of the critical heat flux condition and
before establishment of superheated vapor conditions, the test section was in
either transition boiling or stable film boiling. The transition boiling
regime was distinguished, in the constant heat flux test sections of the
Cb-l%Zr Facility, by relatively large wall temperature oscillations which
increased in amplitude when the quality was increased at constant heat flux_
As pointed out by Peterson (_) these temperature oscillations are probably
less in magnitude in a two--fluid heat exchanger where (in the transition
boiling regime) the local heat flux decreases with increasing quality and the
maximum vossible wall temperature is limited by the local primary fluid
temperature.
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The transition boiling data obtained with Test Sections 3_ 4 and 5 are
. presented in Table 4. The wall temperature used in calculating the effective
• heat transfer coefficient in the traflsition boiling regime is the time-average
. of the oscillating temperature which was recorded on a digital recorder at a
• rate of 3 printouts/second. The time period over which the average temperature
was calculated was usually about one minute. Figure 57 is a plot of the
transition boiling data obtained with Test Sections 3_ 4 and 5. Also shown in
Figure 57 is the following Equation (26)_ which was developed in Reference 3
as an empirical correlation of the transition boiling heat transfer coefficient
data obtained with the 3OO KW two-fluid boiling test rig.
hTB I (I - x 1O'71
l) x
v
(i + aR)I/5 = 2.25 x 105 (_T) 2
(261
The vapor heat transfer coefficient_ hvJ was calculated from the Colburn
equation (22) for the data taken in tubes without inserts. Equation (27)j
which is based on the water data of Greene (19)j was used to calculate h
-- V
for the test sections containing inserts following the procedure given in
Reference 3.
0.563
(NNu) = O.359 (NRe) (Npr) 1/3 (271
e e
The Cb-l%Zr Facility data shown in Figure 57 are correlated reasonably
well by Equation (26)_ except for the three data points taken at the lower range
group "[Cl-x)/x]" 0.7 2. Onepossible explanation forof the dimensional
this discrepancy is related to the method used in calculating the transition
boiling heat transfer coefficient. The Cb-l%Zr Facility data are local values
and the wall temperatures used are time-averages of the measured oscillating
values. The data used in Reference 3 to develop Equation (26) are average
values over the transition and film boiling region in the two-fluid boiler.
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These regional average coefficients used in Reference 3 are probably lower
than the corresponding local values since they include the relatively lower
performance film boiling region. A second possible source of discrepancies
between Equation (26) and the Cb-l%Zr Facility data is that the method used
in calculating the vapor phase heat transfer coefficient h may not apply in
v
the present case. The measured values of the superheated vapor heat transfer
coefficient were considerably higher than those calculated by Equation (27).
This is discussed in conjunction with the superheat results, presented in
Section III-E.
D. Film Boiling Results
The film boiling regime is the last stage of the f'once-through _f boiling
process before the beginning of the superheat region. The range of quality
over which this regime exists in a test section with uniform heat flux depends
on the heat flux level and on whether or not the test section contains a vortex
generator insert. In tubes without inserts at relatively high heat fluxes,
the transition boiling region is relatively short or non-existent and the film
boiling region extends from just after the critical heat flux point to the
beginning of the superheat region. At low heat flux levels or in test sections
containing inserts, the transition boiling region may extend from the critical
heat flux point to nearly the superheat region with only a very short film
boiling region_
The film boiling region is characterized by relatively steady and high
wall-to-fluid temperature differences, which are in the same order as those for
the superheat region. This would be expected, since in the film boiling region
the wall is believed to be blanketed with a layer of locally superheated vapor.
The liquid phase probably exists as droplets or mist entrained in the vapor core.
If the wall is blanketed with superheated vapor, then the film boiling data
might be expected to correlate in a manner similar to that for single phase
vapor. The film boiling data obtained are tabulated in Table 5. Figure 58 is
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a plot of this data compared with the Dittus-Boelter equation (22):
CpbG
0.6
( = o. 023 (,G___
-0.2
(28)
In this plot, the flow parameters are the "axial" values defined by:
GDz
NRe =
(28a)
I
G = Flow Rate (28b)
Net Flow Area Normal To Pipe Centerline
DT = Test Section Inside Diameter (28c)
The fluid properties for each of these data points were evaluated as
follows:
i. All fluid properties were evaluated at the measured fluid
temperatures.
2. The vapor specific heat, Cpb , was the saturation value from
Reference 20.
3. The transport properties kb and _b were the vapor values from
Reference 21.
The film boiling measurements, reduced using the axial flow parameters,
are considerably higher than the Dittus-Boelter single-phase prediction,
particularly for the test sections containing inserts (Figure 58). In order
to account for the effect of the helical inserts, the helical flow parameters
derived in Reference 3 were introduced into the Dittus-Boelter equation, which
results in the following equations.
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hCpb %
Cp_ O. 6 (GI_ De )
(--k-) b = O. 023 /_b
-O. 2
where
GHM=G 1+ ( )
(29)
(30)
D = 4 (Net Flow Area Normal to Pipe Centerltne) (31)
e Wetted Perimeter in Plane Normal to Pipe Centerltne
Figure 59 is a plot of the film boiling data evaluated using the helical flow
parameters. Although the data are still high relative to the Dtttus-Boelter
equation they do group together with less scatter around the values for the
tube without insert. The apparent increase in performance in the film boiling
region may be a result of entrained liquid droplets striking the wall_
particularly for test sections 4 and 5_ which contained vortex generator
inserts.
E. Superheated Vapor Results
Superheated vapor conditions were obtained for the first time during the
experiments with Test Section No. 3 (.423"IDj No Insert). Exploratory measure-
ments of the superheated vapor heat transfer coefficient were made In Test
Sections 3j (.423"ID_ No Insert)_ 4 (.738"ID wlth annular plug and helix P/D = 2)
and 5 (.742"ID with wire-wrapped plug and wlre coll P/D = 2). These data are
tabulated in Table 6.
The existence of a superheated vapor condition was inferred when a power
increase at constant flow and pressure resulted in a corresponding increase in
fluid temperature. Examimtlon of the superheat data revealed a discrepancy
between the measured enthalpy increase of the fluid and the calculated energy
input based on the electrical power measurements (corrected for heat losses)
together wlth the flow rate measurement. The discrepancy was that the calculated
energy input was 8 to 17% greater than the measured enthalpy increase of the
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fluid. This energy balance discrepancy was assumed to be due to an error in
w
• flow rate measurement. With this assumptionj the question was asked: For a
given superheated vapor temperature rise_ what flow rate would be required
m
. to be consistent with the measured superheat? The required flow rate was
calculated from an energy balance between the preboiler inlet and the point in
the test section where the superheat was measured. This flow rate is given by:
q
W = (32)
hg 2 - hL1 + Cp (nT)sH
where
q
h
g2
P
(AT)sH = Degrees of superheatj °F
= Net power input up to the measuring station_ Btu/sec
= Vapor enthalpy at the saturation temperature_ Btu/hr
= Liquid enthalpy at the preboiler inletj Btu/hr
= Average superheated vapor specific heatj Btu/lb-°F
The flow rates calculated from Equation (32) were from 8% to 17% higher
than the corresponding measured flow rates. The data presented in Table 6 have
been corrected such that the flow rates are consistent with the measured
superheat.
In order to investigate the validity of the assumption that the discrepancy
in the energy balance was due to an error in flow rate_ an independent check was
made with the data from Test Section No. 4 (.738"ID with annular plug and helix
P/D = 2). This was done by selecting runs in which superheated vapor conditions
existed at two axial measuring stations in the test section (thermocouple numbers
34 and 35 in Figure 11). The power input to the vapor between these stations
was calculated from:
q34-35 = W Cp (_T)34_35 (33)
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The corresponding net electrical power input between stations was
then calculated assuming uniform test section heat flux and correcting for
heat losses. It turned out that the ratio of the electrical power (corrected
for heat losses) to the power given by Equation (33) was within about i% of the
corresponding ratio of calculated flow rate (Equation 32) to measured flow rate.
This means that if the flow rate used in Equation (33) were that calculated
from Equation (32)j then the energy balance between the two superheated vapor
stations would check within about I%. Although this agreement doesn't
constitute proof, it strongly suggests that the error in the energy balance is
due primarily to the flow rate. This is so because the flow rate calculated
from Equation (32) is a function of the preboiler power and the test section
power, whereas the power in Equation (33) is a function of the test section
power only. Since the preboiler power and the test section power are measured
independently, it seems unlikely that errors in power would combine in such a
way that the two energy balances described above would agree.
The flowmeter in the Cb-l%Zr Facility was calibrated from an energy
balance during single-phase liquid runs. During these runs the temperature
rise across the test section was on the order of 9OO°F. Any error in the values
of the liquid enthalpy used in this energy balance would appear as an error in
flow rate. The values of liquid enthalpy used in the flowmeter calibrations
were the preliminary NRL data from Reference 5. The final NRL data from
Reference 20 shows some discrepancy with the earlier data. Specifically_ on
the basis of a liquid temperature rise from 14OO°F to 200OOF, the liquid
enthalpy change calculated from the. earlier data (Reference 5) would be 8%
higher than the corresponding change calculated from the final data (Reference 20).
Assuming that the final data are correctj this means that the flow rates should
be on the order of 8 to 17% low_ which is in agreement with the discrepancy
observed during the superheated vapor runs.
Initlal evaluation of the superheated vapor results consisted of comparing
the data with conventional slngle-phase predictions. Test data for heating
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or cooling of fluids (flowing turbulently inside tubes) have been correlated
by the following three widely-used equations given in McAdams (2_22).
The Dittus-Boelter Equation:
- _= O. 6 -0.2
• h (Cp_ (_Cpb G _)b = 0.023 GD)
(34)
The Colburn Equation:
h _ 2/3
Cpb G ( )f = O.023 G(_f)
-0.2
(35)
The Sieder-Tate Equation:
C _ 2/3 O. 14
Cpb G
-0.2
(36)
In these equations, the subscript b, w or f indicates that the fluid
property in question is to be evaluated at the bulk fluid temperature, the
wall temperature, or the average "film" temperature, respectively. As pointed
out by McAdams (22), the available da_a (at moderate _T) for tubes are correlated
within a maximum deviation of + 40_ by the three equations.
Sutherland (23) measured heat transfer coefficients in high pressure
superheated steam and correlated the data with the following equation:
0.4
(c )h (Cpb G _ b
0.575 -0.2
GD
= (O.021) (-Tr.)b_ (37)
Modifications of the Dittus-Boelter equation will be used as bases of
reference for the superheated vapor results from this investigation.
Figure 60 is a plot of the measured superheat data from Test Sections No. 3
(O.423".ID, No Insert), No. 4 (0.738" ID'with helix_ P/D = 2) and No. 5 (0.742" ID
with wire coil_ P/D = 2}. In this plot_ no attempt is made to account for the
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effect of the helical insert in Test Section 4 or the wire coil in Test
Section 5. Rather, the flow parameters are the "axial" values defined by
(38)
Flow Rate
G = (39)
Net Flow Area Normal to Pipe Centerline
DT = Test Section Inside Diameter (40)
The fluid properties for each of these data points were evaluated as
follows:
1. All fluid properties were evaluated at the measured vapor
temperature.
2. The vapor specific heat, Cpb , was the superheat values from
Reference 20.
3. The transport properties k b and _ were the vapor values from
Reference 21.
The data have been plotted in Figure 60 using "axial" flow parameters
in order to compare the measurements with the corresponding prediction for
a plain tube with no insert. As can be seen, the measurements are as much
as three times the values predicted for plain tubes using Equation (34).
Some possible reasons why the measured coefficients are higher than the
corresponding plain tube predictions are as follows:
. Direct thermal radiation from the pipe wall to the gas.
The significance of this mechanism is difficult to predict
since emissivity data for gaseous potassium are not available.
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. Thermal radiation from the plpe wall to the lnsert_ followed by
convection from the insert to the vapor. Thls effect will be
discussed in more detail below.
3. The possible effect of entrained llqutd droplets.
. Uncertainties in the values of the thermodynamic and transport
properties of potasstum_ particularly for the superheated vapor.
1 Fluid property variation effects In the vicinity of the wall.
As pointed out by McAdams (Reference 22)_ Equations (34)_ (35)
and (36) are applicable only for mOderate _T. The wall-to-fluid
temperature differences for the data in Figure 60 range from about
300°F to 725°F.
6. Experimental error.
7. The effect of the vortex generator lnserts_ for Test Sections No. 4
and 5.
In order to obtain an estimate of the effect of thermal radiation from
the pipe wall to the insert centerbody_ consider the physical situation
depicted in Sketch C below.
Surface 1
Tube Wall
T 2
Insert Cent erbody
i I
Sketch-C
Surface 2
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Here_ it is assumed that fluid is flowing in the annulus between surfaces 1
and 2 and the fluid temperature distribution is as shown. The total rate of
heat transfer at surface 2 is due to radiation and forced convection.
q = qr + qc2 (41)
where
q = total rate of heat transfer at surface 2
qr = rate of heat transfer by radiation
qc2 = rate of heat transfer by forced convection
From the definition of the measured superheated vapor heat transfer coefficient
hm_ the total rate of heat transfer is given by:
q = hm A2 (T2 - T1) (42)
Assuming that the gas neither absorbs nor emits thermal radiation_ then
qr = O'A1 _12 (T24 - T14) (43)
The forced convection heat transfer from surface 2 is given by:
qc2 = hc2 A2 (T2 - Tb) (44)
Finally, assuming that the energy radiated from surface 2 to surface 1 is
transferred to the fluid by convection_ gives:
qr = hcl A1 (T1 - Tb) (45)
Combining Equations 41, 42, 43j 44 and 45 results in:
] or24 - TI4)
hm = A1 1
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Assuming that hc2 = hcl , then
hc2 + I (T2 _ Tl) + i (47)
-z"
where 712 is the gray-body configuration factor between surfaces 1 and 2.
For concentric cylinders_
1
_12 = A1 (48)
l (1
Equation (47) predicts the ratio of the measured heat transfer coefficient
hm to the "true" convective heat transfer coefficient_ hc2 _ when there is
direct thermal radiation between surfaces 1 and 2. Figure 61 is a plot of
this ratio as a function of T2 - T 1 with T 1 = 21OO°F and hc2 as a parameter.
As can be seen_ the radiation effect can be very significant_ particularly
at low values of hc2. The thermal radiation has two effectsj both of" which
tend to increase the measured heat transfer coefficients. These effects
are:
Q Due to radiationj the centerbody temperature T 1 (which is measured
and used in calculating h m) can be higher than the bulk fluid
temperature_ T b.
. The total rate of heat transfer at surface 2 (which is measured and
used in calculating h m) is greater than the rate of heat transfer due
to forced convection alone.
In order to account for the radiation effect_ a forced convection heat
transfer coefficient was calculated from Equation (47) as follows:
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I A1 I o-_2 (T24 - T14)hc2 = hm - 22 + 1 _2 --_i _ (49)
The gray-body configuration factor, _12' was evaluated from Equation (48)
using emissivity data for Cb-l%Zr from Reference 24, which is plotted in
Figure 62. Figure 63 is a plot of the superheat data corrected for the
radiation effect, again using the "axlal" flow parameters. As can be seen, the
experimental results are now in better agreement with the plain tube Dittus-
Boelter prediction, Equation (34), although they are still higher than the
equation gives.
The effect of the vortex generator inserts was accounted for by lntro-
ducing the helix parameters, following the procedure given in Reference 3,
for which:
GHI=G + ( ) (50)
D = 4 (Net Flow Area Normal to Pipe) (51)
e Wetted Perimeter in Plane Normal to Plpe
For Test Section No. 4, containing a helical insert_ the equivalent diameter
is
D = (52)
I+_-T+_ 1-
For Test Section No. 5, containing a wire coil, the equivalent diameter is
De = DT - d (53)
Figure 64a is a plot of the superheat data corrected for radiation effects
and using the helix parameters defined above. The data from Test Section No. 4
(.738"ID with annular plug and helix P/D = 2) are in better agreement with the
Dittus-Boelter prediction, Equation (34), although the data are still higher
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than values given by Equation (34).
• tt can be seen from Figure 64athat use of the helical flow parameters
brings all of the data closer to the values calculated using Equation (34),
m
.but the wire coil data from Test Section No. 5 (.742"ID with wire-wrapped
plug and wire coil P/D = 2) remain just as far from the other data as in the
preceding graphs of Figures 60 and 63. The results of Sams (25) for air
flowing in tubes with wire coils suggested that the reason the wire coil
data have higher coefficients than the other data_ as shown in the Figures_
might be due to the effect of increased turbulence caused by the wire coil.
This possibility was therefore examined_ as follows.
The single-phase liquid pressure drop data obtained in Test Section
No. 5 (.742"ID with wire-wrapped plug and wire coil P/D = 2) which are
presented in Section III-F_ show that even after the helical flow parameters
are introduced_ the friction factors in the wire coil region of Test Section
No. 5 are in the order of twice those calculated for smooth tubes. The
Reynolds analogy predicts that the Stanton number is directly proportional
to the friction factor (22). Using this idea_ a relationship between measured
(m) and predicted (p) heat transfer results can be written as
(NSt) m fm
(Nst) p = _-P
(54)
where f is the single-phase friction factor measured for the test section
m
and f is the corresponding value calculated for a smooth surface tube.
P
Combining Equation (54) with the Dittus-Boelter equatton_ Equation (34)_
results in
0.6
(Nst) m Npr
f /f
m p
-0.2
= .O23 NI_ (55)
The liquid water pressure drop data obtained with Test Section No. 5
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(Section III-F) indicate th_ for this test section the friction ratio in
Equation (55) is approximately f /f = 2.
m p
Figure 64b is a plot of the superheated vapor heat transfer data
evaluated using the Reynolds analogy expressed by Equation (55). The data
in Figure 64b are corrected for radiation effects using Equation (49) and
they were calculated assuming helical flow for Test Sections No. 4 (.738"ID
with annular plug and helix P/D = 2) and 5 (.742"ID with wire-wrapped plug
and wire coil P/D = 2) using Equations (50) and (51). The friction factor
ratio was assumed to be f /f = 1.O for Test Sections No. 3 (.423"ID, No
m p
Insert) and No. 4 (.738'_ID with annular plug and helix P/D = 2)_ and f /f = 2.0
m p
for Test Section No. 5, based on the single-phase pressure drop results given
in Section III-F for Test Sections No. 4 (.738"ID with Annular plug and helix
P/D = 2) and No. 5 (.742"ID with wire-wrapped plug and wire coil). As shown
by Figure 64b_ this treatment using Equation (55) results in the best
correlation of the data. The helical insert data from Test Section No. 4 and
the wire coil data from Test Section No. 5 are brought into rather good
agreement with each other. Apparently some additional effects remain to be
accounted for_ since all of the data still have coefficients which are higher
than predicted using Equation (55).
F. Pressure Drop Results
In Test Sections No. 4 (.738_ID with annular plug and helix P/D = 2), and
No. 5 (.742'_ID with wire-wrapped plug and wire coil P/D = 2)_ axial fluid
temperature distributions were measured with thermocouples contained within
the centerbody of the inserts. During two-phase operation, these fluid
temperature measurements were used to infer (assuming thermodynamic equilibrium)
the axial pressure distributions from a knowledge of the vapor pressure-
temperature relationship for saturated potassium. Part of the test plan for
Test Sections 4 and 5 was to determine the friction pressure drop in adiabatic
two-phase flow. These tests were conducted by holding the average system
pressure and the flow rate constant while the test section quality was varied
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by changing the preboiler power. Power to the test section heater was
increased only enough to balance the heat losses, thus providing nearly
adiabatic conditions in the test section. All of the adiabatic pressure
drop tests were conducted at a saturation temperature of about 1800°F.
Results were obtained for one mass velocity in Test Section No. 4 and for
two mass velocities in No. 5.
Due largely to the work of R.C. Martinelli (26, 27, 28 and 29), it has
become customary in the field to present two-phase frictional pressure drop
data in the form of a pressure gradient ratio, _, defined by
(dP/dZ)Tp F
= (dP/dZ) (56)
o
where
(dP.
_-gJ
TPF
= The measured two-phase frictional pressure gradient
dP
= The single-phase pressure gradient which would result if
liquid had been flowing in the duct at a rate equal to the
actual total mixture flow rate.
In order to calculate the single-phase pressure gradient_ the friction
factor - Reynolds number relationship for the particular geometry must be
known. The inserts in Test Sections 4 (.738"ID with annular plug and helix
P/D = 2) and 5 (.742"ID with wire-wrapped plug and wire coil P/D = 2) were
such that four different flow geometries were involved, as listed below:
Test Section No. 4 -
- Annular geometry over the inlet half of the test section
- Helix geometry over the outlet half of the test section
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Test Section No. 5 -
- Annular-helix geometry over the inlet half of the test section
- Helical wire coil over the outlet half of the test section
With the exception of the annular region of Test Section No. 4_ there
is not a great deal of single-phase pressure drop data available for these
particular flow geometries. Consequently_ after their removal from the
loop_ Test Sections 4 and 5 were instrumented with pressure taps and water
tests were conducted to determine the single-phase friction _actors. This
data was used in evaluating the two-phase potassium results.
SINGLE-I_ASE PRESSURE DROP
In 1913_ Blasius (30) correlated a large body of single-phase pressure
drop data for smooth_ plain tubes (no inserts). The Blasius correlation_ which
is valid in the Reynolds number range from about 3000 to lOOjOOO_ is given by
O.316
where f is the Darcy-Weisbach friction factor defined by
(57)
f = AP (58)
G2
In flow channels with non-circular cross-sections_ the usual procedure is
to introduce the concept of an "equivalent diameter" defined by
D = 4(cross-sectional Area Normal to Duct Centerline) (59)
e Wetted Perimeter in Plane Normal to Duct Centerline
If the flow channel does not deviate severely from a circular cross-section_
introduction of the equivalent diameter reduces the channel to an "equivalent"
circular channel and the pressure drop in turbulent flow can be calculated with
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qreasonable accuracy using Equation (57). With the exception of the annular
region of Test Section No. 4_ it has been found that the equivalent diameter
concept alone does not correlate the pressure drop results in the rather
complicated flow geometries encountered in Test Sections 4 and 5. For these
geometries_ additional concepts are introduced in order to correlate the
single-phase data.
Single-Phase Pressure Drop in Test Section No. 4. Figure ll shows the
locations of the pressure taps during the water pressure drop test. The
results of this test are presented in Table 7. For each flow rate_ the
incremental pressure drops (e.g. 3 P1 - P2 _ P2 - P3 _'') were measured. For
the higher flow ratesj PO - P1 exceeded the limit of the manometer (due to
the large change in flow cross-section) and was not measured. The overall
pressure drop_ PO - P10 _ was measured independently as a check on the
incremental pressure drops. In those runs for which PO - P1 was measured_
the sum of the incremental pressure drops was within 3% of the measured
overall drop.
Figure 65 is a plot of the experimental single-phase friction factors
for the annular region of Test Section No. 4 (.738"ID with annular plug and
helix P/D = 2). The annular region friction factors were calculated from:
p - p
f= x y
Z - Z G2 (60)
(. y x) (2g cDe /Of )
where
P - P = Pressure drop from station x to station y
x y
Z - Z = Axial distance between x and yy x
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The Reynolds number in the annular region is defined by:
G D
e (61)
NRe =
As can be seen from Figure 65, the friction factors show a significant
entrance effect_ as indicated by f decreasing with increased L/D . At the
e
largest L/D_ the data are in good agreement with the Blasius correlationj
indicating that use of the hydraulic diameter concept reduces the annular
results to an equivalent smooth tube in this case. The manner in which the
entrance effect is taken into _ccount in evaluating the two-phase potassium
results will be discussed in a following section.
Figure 66 is a plot of the experimental single-phase friction factor
for the helix region of Test Section No. 4. Here_ the friction factor and
Reynolds number are the "axial" values defined by:
and
where
G=
p - p
f _- x y (62)
Z - Z G2
( y x) )
ST (2gcP f
GDT
NRe =
Flow Rate
Net Flow Area Normal to Pipe Centerline
(63)
( 63 a)
Also shown in Figure 66 is the Blasius correlation along with lines representing
the water data of Peterson (3) and that of Greene (19). The data in the helix
region of Test Section No. 4 again have a rather large entrance effect.
Petersonts data are believed to be fully developed values since in all cases
the L/D was greater than 90. Gambi11_ Bundy3 and Wansbrough (31) investigated
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pressure drop for water in tubes with internal twisted tapes and derived
equivalent parameters to account for the effects of twist ratio and tube
diameter. Peterson (3) derived the following helix parameters.
LHM= (Z - Zx) 1 + ( ) (64)Y
D = (65)
e [ ]
_÷ _c_ _ _
DT +_ 1-D-_-
%M= G'_I + (_--_D)2 (66)
Using these parameters, the following equivalent friction factor and Reynolds
number can be defined for helical flow.
p - p
f = x y (67)
e ,_. %,_
-and
GHM De
(NRe) e //'¢ (68)
Figure 67 is a plot of the "equivalent friction factor', defined by Equation (67),
as a function of the "equivalent Reynolds Numbe_', defined by Equation (68). The
fully developed values are in fairly good agreement with the Blasius smooth tube
correlation, Equation (57). These results, together with those from Reference 3
(shown in Figure 67), indicate that the method using Equations (67) and (68)
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adequately correlates the data for test sections with helical inserts, for
Reynolds numbers less than 105. For Reynolds numbers greater than 105 the
Blasius correlation, Equation (57), may underpredict the friction factor, as
it does for smooth tubes with no inserts at Reynolds numbers greater than
105 (32).
Single-Phase Pressure Drop In Test Section No. 5. Results of the
single-phase water test for Test Section No. 5 (.742"ID with wire-wrapped plug
and wire coil P/D = 2) are presented in Table 8. Figure 13 shows the locations
of the pressure taps used for the test. The wire-wrapped plug region at the
inlet of Test Section No. 5 was essentially the same as a helix insert with a
large centerbody. Consequently, the single-phase friction factors in this
region were calculated using the helix parameters discussed previously and
the results are plotted in Figure 68. The rather large L/D effect is again
apparent. The friction factors for the largest L/D are close to the Blasius
smooth tube line.
The wire coil region of Test Section No. 5 forms a flow path which is
neither helical nor like the straight tube, since the fluid could flow in a
straight line down the central region as well as in a helical path adjacent
to the wall. Figure 69 is a plot of the friction factors in the wire coil
region, evaluated as if it were a straight pipe. This plot shows the large
increase in friction factor caused by the wire coil. Sams (25) investigated
the pressure drop in this type of geometry for various wire diameters and
pitch-to-diameter ratios. Sams' results also show the large increase in
friction factor, but no general correlation of the data was offered. In an
attempt to correlate the effects of wire pitch-to-diameter ratio, an equivalent
diameter was calculated from the usual definition, given by Equation (59).
The length used was LHMI given by Equation (64) and the mass velocity was GHM_
given by Equation (66). The results are plotted in Figure 70 for the wire
coil region. The experimental friction factors are about twice the values
predicted by the Blasius smooth tube correlation, given by Equation (57).
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Summary of Single-Phase Pressure Drop Results. Figure 71 is a plot of
.the fully developed friction factors for the four geometries in Test Sections
4 (.738 ID with annular plug and helix P/D = 2) and 5 (.742"ID with wire
!
_rapped plug and wire coil P/D = 2). In this plot, the flow parameters are
the axial values and the friction factors are evaluated as if the test section
were a plain tube with no insert. This type of plot shows the large increase
in pressure drop due to the inserts, particularly in the wire-wrapped plug
region of Test Section No. 5. Evaluation of the same data assuming helical
flow, using Equations (59), (67) and (68) gives the results shown in Figure 72.
Except for the wire coil region of Test Section No. 5, the method succeeds
reasonably well in correlating results from the various geometries to values
for an equivalent plain tube. The wire coil friction factors based on equivalent
parameters are about twice the corresponding Blasius prediction (Equation 57).
This is probably a result of the increased turbulence introduced by the wire
coils in Test Section No. 5.
TWO-PHASE PRESSURE DROP
The two-phase friction pressure gradient multiplier data obtained in
Test Sections 4 (.738 ID with annular plug and helix P/D = 2) and 5 (.742"ID
with wire wrapped plug and wire coil P/D = 2) are compared with values from
the Martinelli model (29) modified for potassium and values from a homogeneous
flow model (K = 1). Two-phase multipliers from the modified Martinelli model
are plotted in Figure 73 and those from the homogeneous model are plotted
in Figure 74. Both of these models are derived in Reference 10. The homogeneous
model, from which the curves in Figure 74 were calculated, is expressed by
+ x i)I
ig
_=
X _g -
where _ is as defined by Equation (56)
(69)
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Two-Phase Pressure Drop In Test Section No. 4. The resul_s of the
e
adiabatic pressure drop te_t for Test Section No. 4 (.738"ID with annular
J
plug and helix P/D = 2) are presented in Table 9. The single-phase pressure
gradient, used in calculating the two--phase multipliers_ was evaluated from
the results of the water tests. The entrance effect observed in the water
tests was taken into account by assuming that the same effect existed during
the two.-phase tests. The two-phase potassium pressure drop data were obtained
using the thermoc_uples in the test section insert, the locations of which are
shown in Figure Ii. The single-phase pressure drops used for the evaluations were
calculated for potassium using the friction fac%ors determined by the water tests
for the region of the test section wh{ch coincided with the insert thermocouple
locations. Fig_re II shows the following corlcespondence between the single-
phase pressure measurement locations and the locations of the insert thermocouples
used to detex_ine the twoo.pha_e pressure drop.
Locations for
Single-Phase Tests
Locations for
Two-Phase Tests
1 - 4 31 - 32
5 - 7 33 - 34
7- 9 34 - 35
Single phase fric#sion factors were calcdl.a_:ed from the water data based on
pressure drop measu!rements obtained between locations 1 - 4, 5 .- 7_ and 7 .- 9.
These values are plotted in Figures 75 and 76 for the annular region and the helix
region, respectively, and were u_ed in calculating the two-pha_e multipliers
from ?eat Section No. 4 (.738"_D with annular plug and helix P/D = 2).
Figure 77 is a plot of the two-phase multipliers obtained in the annular
region of Test Section No. 4 (,738"ID with annular plug and helix P/D = 2).
Also shown are 1800°F predictions based on the modified Mart_nelli model
(Figure 73) and the homogeneous model (Figure 74). The data for the annular
region fall somewhat below the 18OO°F homogeneous model prediction. This could
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be partly due to a temperature effect since the actual data were obtained
at average temperatures which increased from about 1790°F at the lowest
.quality to 1819°F at the highest quality.
. Figure 78 is a plot of the data obtained in the helix region of
Test Section No. 4 (.738"ID with annular plug and helix P/D = 2). These
data generally fall between the homogeneous model and the Martinelli prediction.
The apparent lesser dependence on vapor quality may again be due to temperature
variations. For the helix data, the average temperature increased from 1787°F
at the lowest quality to 1819°F at the highest quality.
Two-Phase Pressure Drop in Test Section No. 5. The results of the two-
phase adiabatic pressure drop test in Test Section No. 5 (.742" ID with wire
wrapped plug and wire coil P/D = 2) are presented in Table 10. Figure 79 is a
plot of the two-phase results in the wire-wrapped plu_.._ggregion. Most of the
data are correlated well by the homogeneous model prediction. The data which
fall below the homogeneous line in Figure 79 were taken near the inlet where
entrance effects may have been present. The location of the thermocouples
by which the two-phase pressure drops were determined are shown in Figure 13.
The procedure used for determining the two-phase friction multipliers was the
same as that used for Test Section No. 4 (.738" ID with annular plug and helix
P/D = 2).
It will be noted from Table 10 that the temperatures at the tip of the
plug (T/C-34,35) and at the test section exit (T/C-36, 37_ 38) indicate a
slightly negative pressure drop in the wire coil region of Test Section No. 5.
It is believed that this is because the temperature measured at the tip of the
plug is the saturation temperature corresponding to the pressure in the plug
region. There is probably a net pressure rise due to the area change from
the plug region to the wire coil region_ which is not indicated by the
temperature measured at the tip of the plug. For this reason the two-phase
pressure changes indicated for the wire coil region are not the actual friction
pressure drop. Thus_ these data were not treated further.
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Summary of Two-Phase Pressure Drop Results. The two-phase adiabatic
friction pressure drop data from Test Sections No. 4 (.73_'ID with annular
plug and helix P/D = 2) and 5 (.742"ID with wlre-wrapped plug and wire coll
P/D = 2) are plotted together in Figure 80. As can be seen: the data are
i
in fair agreement with the homogeneous model prediction from Figure 74 and fall-
somewhat below the modified Martinelli model prediction from Figure 73.
G. Boiling Inception and Stability
Instabilities, as manifested by oscillations in loop flow rate,
pressure and dump tank level, were sometimes observed during test operation
of the Cb-l%Zr facility. These instabilities, at times, severely limited
the range of loop operation. In an effort to gain further understanding of
the cause and nature of the instabilities_ careful observation of the loop
behavior associated with some of the unstable operation was done, including
recording of both the conditions leading up to the instability and the
resulting loop oscillations o_ excursions in pressure and flow rate. In
addition, an analytical effort to ascertain the mechanism which triggered
the instability was maae, and a qualitative understanding of the system behavior
both in terms of the cause of the instability and the resulting loop behavior
was sought. In those cases in which an operational method was found which would
alleviate the instability, an understanding of the remedy was also sought. The
results of this effort on two-phase flow stability, done in association with the
boiling heat transfer tests in the Cb-l%Zr Facility_ are presented in this
section. Specifically, the Ledinegg stability criterion (33) is developed in
detail and applied to the Cb-l%Zr Loop in an attempt to determine whether the
type of instability described by Ledinegg's analysis likely occurred in the
Cb-l%Zr Loop operation. Following this, the results from some specific tests
aimed at investigating the effect on the system behavior of liquid superheat
at boiling inception and at the boiling boundary in two-phase operation are
presented.
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LEDINEGGSTABILITYCRITERION
In Figure 81_ several curves of two-phase pressure drop (calculated
u_ing the homogeneous flow model given in Reference IO and Figure 74) plotted
against flow rate for forced convection boiling of potassium in Test Section
Ng. 1 (.767"ID. No Insert) are shown. The distinguishing feature of these
curves is that for a given value of subcooled liquid entering the test
section_ more than one flow rate is possible for a given pressure drop_
depending on the available pressure-head characteristics. For example_ in
Figure 81_ the available pressure-head characteristic given by line-1 intersects
the pressure-loss characteristic given by curve-A at three different flow rates
(points e_ f and g). At lower values of the subcooling only a single flow rate
is posslble for a given pressure dropj with the same available pressure-head
characteristicj e.g._ curve-D. With an available pressure-head characteristic
like that shown by line-ij operation along curves-A_ B_ C would tend to be
unstable due to there being more than one flow rate possible for a given
pressure drop. Operation along curve-D would tend to be stable.
This type of instability was first treated by Ledinegg (33) in 1938 in
connection with flow in parallel-connected heated boiler-tubes lying between
two headers. For this case_ the available pressure drop between the headers was
regarded as constant. The nature of the instability can be easily understood for
this case by using Figure 81. Let line-1 represent the available pressure
drop between headersj let curve-A represent the pressure-loss characteristic and
assume initial operation is at point f. Then_ if for any reason the flow is
perturbed_ say decreasedj more liquid will be vaporized. The production of
more vapor_ (increase in vapor quality)_ however_ raises the flow resistance
although the flow rate is less. Thus_ the flow rate continues to decrease
until point e is reached. A similar argument starting with an increase in
flow would shift the operating point from f to g. In the present example with
multiple tubes in parallelj therefore_ some of the tubes would be at higher flow
and flooded with liquid (operation at point g) while some of the tubes would be at
low flow and corresponding high vapor quality (operation at point e).
-103-
Somewhatsimilar considerations apply to a single tube, however, in this
case the pressure drop across the boiler is not generally constant. For
example, if the flow is provided by a positive displacement pump, which would .
give an available pressure-head characteristic like line-2 in Figure 81, the
intersections with the pressure-loss characteristics are single-values and
no instability would exist. For the EM pump used in the Cb-l%Zr Facility,
the available pressure-head characteristic is similar to line-3 in Figure 81_
for which, depending on the subcooling_ more than one value of the flow rate
is possible and thus instability is a possibility. A method for eliminating
such instabilities is to introduce a flow restriction in the liquid-phase
region between the pump and the boiler. This adds to the pressure-loss
characteristic a component which increases with increasing mass velocity.
This can eliminate the unstable region over a wide range of inlet subcooling,
thus permitting stable operation over a considerably increased range of operating
conditions.
The Ledinegg stability criterion will next be presented for several heat
flux distributions. The effect of inlet orificing will then be discussed, and
the criteria will be applied to the Cb-l%Zr loop.
Analytical Formulation of the Ledinegg Stability Criteria. Detailed
derivations of the Ledinegg criterion are given in References 33, 34 and 35.
The essential features of the derivation are given in Reference 36 which
forms the basis of the present treatment. The basic assumptions are:
1. A homogeneous model (K = 1) is used for calculatlng the two-phase
pressure drop (Reference I0 also Figure 74).
2. The variation of the single-phase friction factor with Reynolds
number is neglected.
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g.
,
5.
The rate and form of the heat input is regarded as independent
of flow rate in the heated passage.
Vertical upflow is assumed.
It is assumed that pressure losses are small compared with the
absolute pressure.
The geometry assumed for the analysis is shown in sketch D below.
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The total pressure drop across the test section shown in sketch D above
is the sum of the individual pressure drop components_ l.e._
L_PTp = LXPor + L_Psc + L_Pa + L_PTpF + LkPel (70)
where
_P
or
ZXP
sc
a
L_PTp F
_Pel
- total pressure drop across the test section
- single phase pressure drop across the orifice
- single phase pressure arop in the subcooled region
- acceleration pressure drop in two-phase region
- two-phase friction pressure drop
- pressure drop due to the change in elevation
It was shown in Reference 36_ that Equation (70) may be written in dimensi'on-
AP* % d + - L
less form as follows:
{
L
+ Zxp-"-'_ "-L-'+
C
L
d(_/L)
[_- %_rsc ¢rp Q,.]+ _rG QT
(71)
where:
,lrf = f L/D T
Ghfg
_G : QT/AT
DT
_o -- K' %-)
o
Cp (Tsat - T I)
_sc = hfg
2
L
_* = f DT (2g ' )
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t! = Heat Transfer rate
in region from inlet
to point _, Btu/hr
= Total heat transferrate
in boi ling,Btu/hr
AT = Total heat transfe_
area in boiler, ft
C_
K --
_/AT
Cp (Tsa t - T l)
AP
or
4
G2
(___Tor ) 2 gc P f
The general procedure at this point is to substitute the particular form
of heat flux distribution which is being investigated into Equation (71) and
carry out the indicated integration. The resulting expression is then
differentiated with respect to _G holding all other parameters constant. The
value of the subcooling at which the_PTp vs. _Gcurve becomes single valued
is then obtained. In general, the inclusion of the elevation term leads to
an expression which is difficult to solve for the stability condition. For
this reason, the elevation component of the pressure drop will be neglected in
subsequent calculations. The resulting expressions will be strictly applicable
only when the friction and momentum pressure losses are large compared with the
buoyancy effects. In Reference 36 three heat flux distributions were considered,
as follows:
Case 1: All the heat added at the inlet
For this case _sc/L---_O and Q'/QT--_ 1
1Fo "ffp _sc 2
c1÷ _- _p Irso- 2 _f ) Irsc2 rrG
+_f sc %
(72)
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Following Ledinegg (33)_ the criterion for stability is:
_p _sc _ 1
_o ½+_
(73)
Case 2: All the heat added at the exit
For this case 4c/L_l and Q'/QT_O
L_P_L_PTP _r° 2_Tp /_SC) _sc 2 2 2_f"_-<l + - _r + (_P) (_c 2 _G)
o ?_f
(74)
The criterion for stability is:
qTsc _p
_o
i + --
(75)
Case 3: Uniform heat flux
For this case /_sc/L _Fsc _G and Q'/QT _/L
% 2
(76)
The criterion for stability is:
7_sc W'P _ 1
_o I + - +
(77)
-108-
Equations (73)j (75) and (77) are plotted in Figure 82. The curves are
boundaries between regions of stable and unstable operation. Inspection
of the curves in Figure 82 shows that peaking the heat flux toward the
inlet results in a smaller region of stable operation than when the heat
flux is uniform or is peaked toward the exit. Figure 82 also suggests that
the effect of heat flux distribution is small for values of_2. Thus
over most of the range of _ Case I (all the heat added at the inlet)
represents the least stable case.
Application of the Ledinegg Stability Criteria to the Cb-l%Zr Loop.
Figure 83 shows the stabilizing effect of inlet orificing at a value of _f = 1
for Cases 1 and 3. The values of the orifice loss coefficient K' used for
these calculations were obtained from Reference 37 and are shown for ease of
reference in Figure 84. Also shown in Figure 83 is the range of operation used
with Test Section No. 1 (.767"ID, no insert) in the Cb-1%Zr Loop for the
different orifice size employed.
In general the subcooling in the Cb-l%Zr Loop was less than IOOO°F at
the preboiler inlet. This value was used in estimating the operating range of
the loop. The value of 7_f (i.e., f L/D = 1) corresponds to that obtained for the
Cb-l%Zr test section at a G of 30 lb /sec-ft 2, f = 0.025 and an L/D ratio of
m
about 40. This is somewhat conservative since the use of a larger L/D corresponding
to the test section preboiler combination, or the use of a larger friction factor
(which would be expected with inserts) result in larger values of _f than that
assumed, which, according to Figure 82, would result in a larger region of stable
operation.
Examination of Figure 83 shows that with the orifice sizes and subcooling
used the Ledinegg stability criterion predicts that the entire range of operation
of the Loop used should be stable. Based on this it is therefore concluded that
the instabilities which were observed in the Cb-l%Zr Loop tests were probably
not caused by the mechanism assumed in the Ledinegg analysis.
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EXPERIMENTAL STABILITY INVESTIGATIONS
Test Section No. 2 (0.740" ID, Helix Insert, P/D = 6) on February 11,
1965, the Cb-l%Zr Loop was operated for the specific purpose of obtaining
some quantitative data on previously observed loop instabilities. The
instability investigated was that associated with boiling initiation, i.e.,
the instability associated with the transition from a single-phase all
liquid system to a two-phase system. This instability was selected for two
reasons; first, it is fairly easy to reproduce in the tests and second it
involves the phenomenon of liquid superheat which might be important in
other modes of loop instability.
The tests were conducted in the following manner. The dump tank pressure
was set at about 75 psia, the argon pressure regulating valve was closed, and
the loop was operated in single phase, all liquid condition. The preheater
power was then increased until boiling began at the test section outlet. The
resulting surges in flow rate, pressure, dump tank level and temperature were
recorded on an eight channel Sanborn recorder. This test was conducted at two
values of the flow rate in order to ascertain the effect of flow rate on the
loop behavior.
The test conditions and the approximate frequency of the resulting
oscillations of the loop parameters are summarized in the table on the following
page.
The Sanborn trace for the test designated "High-Flow" in Table 11
(G = 29.7 lb/sec-ft2), done at a saturation temperature of about 1800°F, is
shown in Figure 85. The oscillations in pressure, temperature and dump-tank
level immediately after boiling inception have a frequency of about 0.24 cps
and rapidly disappear. The bulk liquid superheat at the boiling inception point
was about 160°F. The Sanborn trace for the test designated "Low-Flow" in
Table ll(G = 18 lb/sec-ft2), done at a saturation temperature of about 1820°F,
is shown in Figure 86. The bulk liquid superheat at the boiling inception
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mTABLE ii
RANGE OF VARIABLES FOR BOILING INCEPTION-STABILITY TESTS
WITH TEST SECTION NO. 2 (.74" I.D. with helical insert P/D = 6)
Flow Rate (ib /sec)
m
Test Section Mass Velocity
(ib /sec-ft 2)
m
Initial Dump Tank Pressure (psia)
Test Section Heat Flux
(Btu/hr- ft 2 )
Test Section Exit Well Temperature
After Boiling Inception (°F)
Approximate Bulk Liquid Superheat
At Boiling Inception (OF)
Approximate Wall Superheat at
Boiling Inception (°F)
Estimated Exit Quality After
Boiling Inception (%)
Approximate Frequency of Oscillation
in pressure, temperature 3 flow rate
and dump-tank level After Boiling
Inception (cycles/sec)
Test Section ID DT, inch
Insert
Inlet Orifice Diameter Dr, inch
High-Flow Test Low-Flow Test
0.088 0.053
29.7 18
74.1 75.2
42,722 43,680
1797 1821
160 200
175 211
4.9 5.8
0.24(Disappeared) 0.24(Continued)
0.740
Helix (P/D = 2)
0. I01
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point in this case, was about 200°F.
temperature,flow rate and dump tank level after boiling inception were about
the same as before (0.24 cps), but the oscillations continued. All of the
parameters which were oscillating appear to have about the same oscillation
frequency. Apparently the higher flow rate in the first test helped to
stabilize the loop.
The frequency of the oscillations in pressure,
After the Low-Flow test was completed a period of about 6½ minutes
transpired before any further changes in operating conditions were made. No
damping of the oscillations was apparent during this period of oscillation.
The dump tank valve was then closed, with the result that the loop immediately
became stable, as shown by Figure 87. When the valve was opened the loop
parametemreturned to the previous modes of oscillation (same frequency and
amplitude). This test was subsequently repeated with results which were
identical with those shown in Figure 87.
The following observations can be made regarding these tests:
1. The degree of liquid superheat prior to boiling initiation is
appreciable (as indicated by Table 11). This may be understood at least
qualitatively by referring to Figure 32, which is discussed in Section III-A.
From Figure 32 it can be seen that a maximum cavity size of about r = O. O1
max
mils will yield a bulk superheat of the magnitude observed in the tests. Since
cavities larger than this are expected to be present on the surface (see
Figures 33 and 34), it may be postulated that the larger cavities have been
"snuffed out" or flooded by highly subcooled liquid flowing over the surface
when the loop was in a single-phase condition. The postulate seems reasonable
in view of the highly wetting nature of potassium. Therefore, the initial
vapors must be produced by activating the similar re-entrant cavities on the
surface.
2. As a result of the high degree of bulk superheat obtained prior to
boiling initiation, a substantial volume o£ liquid between the boiler exit and
the condenser inlet is in a thermodynamically metastable condition. Therefore,
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when the first vapors are produced this entire volume of liquid flashes and
a considerable amount of vapor is produced. Note the almost simultaneous drop
i_ boiler exit and condenser inlet temperatures when boiling is initiated, shown
in Figures 85 and 86. It is this circumstance which results in the approximately
25 psi surge in pressure associated with boiling inception (Figures 85 and 86).
3. Oscillations in pressure, temperature, flow rate and dump tank level
occur after boiling initiation. It is not unreasonable to expect that the
sudden surge of liquid into the dump-tank subsequent to boiling inception
would cause the dump-tank level to oscillate about its new equilibrium position.
It might be expected, however, that such oscillations in dump-tank level would
be rather rapidly damped out. Such was the case for the High-Flow test, as
indicated by Figure 85. However, for the Low-Flow test little damping of
the oscillations in dump-tank level can be detected (Figure 86). This might be
due to the fact that the single-phase liquid flow resistance is less at the lower
flow rate (less orifice pressure drop). Closing the dump tank valve resulted
in the loop becoming immediately stabilized. However, when the dump tank valve
was again opened the loop parametersresumed the previously observed oscillations
(Figure 87). This behavior was somewhat unexpected. It may be that the slight
pressure difference between the dump tank and the loop was sufficient to
re-excite this mode of oscillation at the lower flow rate, and that the com-
pressible gas volume in the dump tank contributed to maintaining the steady
oscillations of the loop parameters shown in Figure 87.
Test Section No. 3 (.423" ID, no insert). If the qualitative picture of
boiling initiation presented is correct, then the heat flux and flow rate
would be expected to have a relatively small effect on the liquid wall superheat
obtained prior to boiling initiation within the range of variation of these
parameters possible in the Cb-l%Zr Facility. The significant parameter should
be the loop pressure with wall superheat decreasing with increasing pressure.
In order to test this hypothesis as well as to obtain data on the boiling
initiation instability in a test section without an insert, three tests were
conducted in Test Section No. 3 (0.42-inch ID, no insert). The range of
variables for these tests are given inTable 12.
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The Sanborn trace for the test designated "High-Pressure" in Table 12
(P = 201 psia, Tsa t = 2100°F) is shown in Figure 88. As can be seen from
this figure, oscillations in the wall temperature occur immediately after
boiling initiation and persist for about 3 minutes. The wall temperature
then became steady and the system proceeded into stable boiling. The wall
superheat at boiling inception (about 125°F) is somewhat less than that obtained
at the same mass velocity at P = 80 psia, Tsat = 1800°F in Test Section No. 2
(.74" ID with helical insert P/D = 6). (about 175°F).
TABLE 12
RANGE OF VARIABLES FOR BOILING INCEPTION-STABILITY
TESTS WITH TEST SECTION NO. 3 (.423 I.D., no insert)
High Pressure
Test
Dat e
Initial Dump Tank 201
Pressure (psi a)
Flow Rate (lb /sec) 0.03
m
Mass Velocity 30.7
(lb /sec-ft 2)
m
Test Section Exit Well 2145
Temperature After
Boiling Inception (°F)
Approximate Wall Superheat 124
At Boiling Inception (°F)
Test Section IDj DT, inch
Insert
Inlet Orifice Diameter Dot _ inch
Intermediate
Pressure Test
Low Pressure
Test
3/19/65 4/2/65 4/2/65
80 27
0.O43
44.0
1812(min)
Unst able
0.423
None
0.0625
O. 045
45.0
1580(min)
Unstable
The Sanborn trace for the test designated "Intermediate-Pressure" in
Table 12(P = 80 psia, Tsa t = 1800°F) is shown in Figures 89a and 89b.
Figures 89a and 89b are reproductions of segments of a continuous Sanborn
oscillograph recorder trace made throughout the test.
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The trace begins with boiling inception at the test section outlet after an
increase of preboiler power (segment-I) followed by a period of boiling
.operation during which there were oscillations in pressure, temperature, flow
• rate and dump-tank level. Additional increases in preboiler power resulted
.in corresponding increases in the frequency of the oscillations of the loop
*parameters (segments-2 to -5 in Figures 89a, b). The test was terminated
by reducing the test section power in steps until the system was brought back
into non-boiling liquid flow conditions (segment-6 in Figure 89b).
In order to have a more quantitative record of the detailed nature of
the fluid temperature oscillations than that provided by the Sanborn trace,
a continuous digital recorder printout of the test section exit well thermocouple
(TC-34) was obtained for a portion of the time period spanned by Figures 89a
and 89b. The digital recorder was allowed to run for about 6 minutes at a rate
of 3 printouts per second. In Figure 90 the first 160 seconds of the continuous
printout have been plotted for temperature vs. time co-ordinates. A segment of
the Sanborn recorder trace taken at the same time is also shown in Figure 90,
for comparison with the plot of the digital recorder printout. It is apparent
from Figure 90 that the large oscillations in temperature shown on the
oscillograph recorder trace are accompanied by a number of smaller oscillations,
which are shown on the plot of the digital recorder printout.
The Sanborn trace for the test designated "Low-Pressure" in Table 12
(P = 27 psia, Tsat - 1520°F) is shown in Figure 91. There were significant
oscillations of the dump tank level and small oscillations of the condenser
inlet wall temperature at the beginning of the recorder chart segment before
boiling inception in the test section. During this interval before boiling
had begun in the test section the flow was steady and the test section exit
well and wall thermocouples indicate by their steadiness and level above
the saturation temperature corresponding to 27 psia (1520°F) that the fluid
was in a superheated liquid state at the test section exit. It is thought
that the oscillations in the dump tank level and condenser inlet wall temperature
during this period are indicative that flashing of the superheated liquid into
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two-phase conditions was occurring in the crossover pipe which connects
the test section outlet with the condenser inlet (see Figure 1). After
boiling began at the test section exit, as indicated by an abrupt drop of
the test section exit well and wall temperatures, the loop became highly
m
unstable_ as manifested by the oscillations in loop parameters shown in Figure 91.
In order to gain some further understanding of the large oscillations
in temperature which sometimes occurred after boiling inception, as shown
in Figures 89, 90 and 91, a mechanism for the temperature excursions will
be postulated and analyzed briefly. The postulated mechanism is basically
the same as that discussed in References 39, 40 and 41.
When the first bubbles are produced at boiling inception in the test
section exit they grow very rapidly, due to the fact that the liquid is
superheated across the entire flow area of the tube. This produces a
local pressure pulse, which may result in an increase of the local wall
temperature required for boiling to continue from the same size cavity which
produced the first bubble. However, as the bulk liquid temperature drops
toward saturation after the first bubble is produced there is a corresponding
reduction in the local wall temperature. Therefore, after the first bubble
is produced the system is faced with a situation where a higher wall temperature
is required to continue boiling (due to the pressure pulse) but only a lower
wall temperature is available due to the cooling of the wall. Under these
conditions the boiling action may cease unless larger cavities have been
activated by the first vapors. If larger cavities have not become active the
boiling action will cease momentarily, the vapors produced will be swept away
and the liquid will begin to superheat again and the cycle of boiling inception
followed by the pressure pulse, corresponding reduction of wall temperature and
cessation of boiling will be repeated. If no other changes were made this cyclic
behavior would continue indefinitely.
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The above hypothesis suggests that heat would be removed from the tube
wall in short bursts (i.e._ a period of very high heat flux during which the
,tube wall temperature drops_ followed by a period of relatively low heat flux
during which the tube wall temperature rises). In order to obtain some
_ndication of the behavior of the wall temperature during these temperature
excursions consider the test section tube wall to be a semi-infinite plate.
Assume the plate has a uniform initial temperature T . Beginning at time
o
t = 0 heat is removed from the face of the plate (located at 1= O) at a
uniform flux q" for a time _nterval _. The face of the plate is then
insulated and the heat removal stops. A solution for the temperature distri-
bution in the plate as a function of distance into the plate from the face
and time t after heat transfer starts is given in Reference 42. Using this
model as a representation of the boiler tube wall of Test Section No. 3
(.423" I.D._ no insert) (_= 0 corresponds to the inner surface of the tube
and _= O. 124-inch corresponds to the outer surface of the tube)_ a calculation
of the variation with time of the plate temperature at position_= O and
_ = O. 124-inch was made using the equations given in Reference 42. The results
of this calculation are given in Figure 92_ which shows the variation of the
plate temperature at the positions _= 0 and _ = O. 124-inch as a function of
time after the beginning of heat removal.
The general similarity in the trend of the calculated behavior of the
plate temperature in Figure 92 to that of the wall and fluid at the test
section exit shown in Figure 90 suggest the plausibility of the proposed
mechanism. The interaction between the thermal instability mechanism discussed
above_ and the thermal and hydraulic characteristics of the remainder of the
loop alter the temperature oscillations somewhat. As can be seen from Figure 90
the fluid temperature does not appear to drop in one step from its initially super-
heated value to the saturation temperature. Due to the pressure surges induced
in the loop by the abrupt production of vapor several "bumps" are necessary before
the wall temperature drops sufficiently to suppress further activity (Figure 90a).
The flow pattern is probably highly irregular_ but may be basically of the slug
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flow type. As the inlet enthalpy is increased, the time required for the wall
superheat necessary for nucleation to be reached at the boiler exit is evidently
¢
reduced. This probably accounts for the increase in frequency of the fluid
temperature oscillation with increasing preboiler power as shown in Figure 89a
and b.
o
The suggested thermal instability mechanism would predict that the
instability at boiling initiation would become more violent as the pressure
is lowered, due to the increasingly higher values of wall superheat required
to initiate boiling from a cavity of a given size. A comparison of Figures 88,
89 and 91 tends to support this conclusion. At a pressure of 201 psi the
oscillations pressure, temperature, flow rates and dump-tank level after boiling
inception were relatively small and disappeared quickly (Figure 88). At 80 psia
the oscillations of the loop parameters after boiling inception were of larger
amplitude and were conti_uous (Figure 90). At 27 psia the oscillation amplitudes
were continuous and were larger yet (Figure 91).
Surface conditions should also have a pronounced influence on the
instability at boiling initiation. The helical insert present in 'rest
Section No. 2 (.74" I.D. with helical insert, P/D = 6) apparently provides a
sufficient number of large cavities (possibly in the crevices existing between
the edge of the insert vane and the tube wall) so that once some vapor is
present in the tube boiling may continue in a relatively stable manner from
the larger cavities. This is indicated by the comparatively stable operation
after boiling inception shown in Figures 85 and 86.
Experiments similar to the ones described above were conducted with Test
Sections No. 4 (.738" I.D. with annular plug and helix_ P/D -- 2) and No. 5
(.742" I.D. with wire-wrapped plug and wire coil, P/D = 2) both of which
contained inserts. In general the results were similar to those obtained with
Test Section No. 2 (.74" I.D. with helical insert P/D-- 6). These results tend
to support the conclusions that surface conditions have a pronounced influence
on this type of instability and that apparently the insert geometries have a
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beneficial effect in reducing the temperature and pressure oscillations after
.boiling inception. This beneficial effect is probably due to the nucleation
/
• sites provided by the crevices between the insert and the tube wall.
• One interesting method of alleviating the instability associated with
large bulk liquid superheats at boiling initiation was reported by Hoffman (43).
According to Reference 43 an artificial nucleation site of the "hot finger"
type improved stability during operation of a potassium boiling loop. Basically_
the "hot finger" was a O.050-inch diameter hale drilled O.256-inch deep in the
boiler tube and was heated independently. A "hot finger" device similar to
this was installed between the preboiler and test section and tested in the
Cb-l%Zr loop with Test Section No. 5 (.742" I.D. with wire-wrapped plug and
wire coil P/D -- 2). The "hot finger" used is shown in Figures 14 and 15.
Since Test Section No. 5 (.742" I.D. with wire-wrapped plug and wire coil
P/D = 2) contained an insert_ there were no significant thermal instabilities
with this test at boiling inception at pressures above 80 psia. The power
capability of the "hot finger 't used was not sufficient to provide the larger
liquid superheat required for boiling inception at the test section exit at
lower pressures than 80 psia. Thus_ no tests were done which demonstrated the
effect of the "hot finger" on the stability of boiling inception at the test
section exit. However_ when the boiling boundary was located in the plug
region of the insert it was possible to virtually eliminate the small bulk
liquid superheat (about 15°F) present at the boiling boundary during steady
bulk boiling by using the "hot finger". Als% when boiling was initiated at
the test section inlet (preboiler outlet) by raising both the preboiler power
and the "hot finger" power with the test section maintained at approximately
isothermal conditions_ there was indication from the measured temperatures that
the "hot finger" was effective in reducing the bulk liquid superheat at boiling
inception under these conditions.
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From a boiler design standpoint it is important to avoid or eliminate
instabilities associated with boiling inception and fluctuations in position
of the boiling boundary. Some possible methods of doing this are as follows:
1. For two-fluid boilers, force the point of boiling inception into
the bulk subcooled liquid region by using a very high heat flux
to achieve the degree of liquid superheat at the wall necessary to
initiate boiling. This might be practical, for example, in a counter-
flow boiler.
. Use artificial nucleation sites formed as crevices, cavities or
non-wetting inlays. The vortex generator inserts appear to be
suitable to:_rovide nucleation-promoting crevices and cavities.
However, the inserts become effective only after the first vapors have
been produced, and do not appear to significantly alter the liquid super-
heat required for initial boiling inception.
. It might also be possible to lower the single-phase heat transfer
coefficient at the inlet region of boiler tubes so that the necessary
wall superheat could be obtained without any significant degree of
bulk superheat being present.
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H. Liquid Heat Transfer Results
" During testing with Test Section No. 5 (.74_'I.D. with wire-wrapped plug
• and wire coil P/D = 2) experiments were conducted to determine the single-phase
" liquid heat transfer coefficient in the wire-wrapped plug region at the iniet.
The data for this test are presented in Table 13 and include the following range
of variables:
Reynolds Number NRe
Peclet Number Npe
Fluid Temperature, °F
Wall-to-fluid _T_ °F
Heat flux_ Btu/hr-ft 2
Heat transfer coefficient
Btu/hr-ft2-°F
5_750 to 17,080
20 t o 62
1_261 to 1_459
16 to 44
40,200 to 168_000
2_420 to 3,970
The Reynolds number and Peclet number used above are defined by
GD
e
NRe = --_
and
GD C
e p
Npe = k
The mass velocity_ G, is the "axial" value and does not include the effect
of the helical flow path. The equivalent diameter_ De_ is defined in the usual
manner as
D
e
4 x (Net Flow Area Normal To Pipe Centerline)
Wetted Perimeter In Plane Normal To Pipe Centerline
Figure 93 is a plot of the liquid data with the parameters defined as above.
Also shown in Figure 93 is the Lyon (9) prediction for uniform wall heat flux
and the empirical correlation of Lubarsky and Kaufman (44). Although the
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Lubarsky-Kaufman correlation was based on data for Peclet numbers greater than
2003 the data shown in Figure 93j which are in the low Peclet number range from
20 to 603 are in fair agreement with that correlation. In order to account
for the helical flow effect in the plug region of Test Section No. 5 (.74-in I.D,.
with wire-wrapped plug and wire coil P/D = 2)_ the helix mass velocity GHM_
defined by Equation (50)_ was introduced. Figure 94 is a plot of the liquid
data using this parameter. As can be seenj this increases the disagreement between
the data and the Lubarsky and Kaufman correlation.
Measured values of liquid heat transfer coefficients for the liquid metals
have historically fallen below predictions. This has been particularly true for
Peclet numbers less than 100. An additional complication in the present data is that
the flow channel deviates considerably from a circular duct. It is well known
that use of the equivalent diameter concept in laminar flow t_rough non-circular
ducts can lead to gross errors. For the low Prandtl number fluids a similar error
can result even in turbulent flow due to the predominance of molecular conduction
over turbulent diffusion.
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Table 2
NUCLEATE BOILING HEAT TRANSFER RESULTS
Test Section No. i (o76-in I.D., nO insert)
Dat e
9/12/64
9/13/64
9/12/64
10/6/64
10/7/64
10/8/64
8/27/64
Ti____e Tsat ,°F
1318 1749.2
1448 1751.6
1600 1752.6
1800 1750.5
1930 1751.6
2330 1751.9
0240 1752.8
0445 1753.2
0923 1748.2
1106 1755.3
1306 1770.2
1430 1773.6
1830 1874.1
21OO 1878.O
23OO 1890.7
0240 1910.1
0530 1923.4
0950 1937.2
1224 1954.6
1350 1954.7
1608 1975.9
18OO 1976.5
2O30 1990.8
2320 2012.8
O135 2021.0
0430 2037.9
0620 2054.1
0848 2061.O
1620 1788.7
2152 1790.8
G q" 2 x avg. _T
lb/sec-ft 2 Btu/hr-ft . % o F
15.6 30615 20.5 9.3
15.5 30043 21.9 7.4
15.5 30878 25.9 8.2
15.4 30990 27.8 8.3
15.4 30931 30.1 8.7
15.3 29828 31.5 8.0
15.5 29892 33.0 8.0
15.3 30350 35.7 8.0
15.6 54888 14.8 8.7
15.6 54938 16.6 4.9
16.0 30244 39.0 7.4
15.7 29926 47.5 6.8
15.9 29011 50.1 7.1
16.1 29051 55.0 7.8
15.9 28437 53.8 7.7
15.8 28297 58.2 7.4
15.9 29072 59.1 7.3
15.8 28785 61.3 9.6
15.8 27577 61.0 8.3
15.8 29186 66.2 6.8
15.8 29210 67.6 6.0
15.7 26717 69.5 7.5
15.9 27773 68.1 6.5
15.9 27245 71.9 7.1
15.8 25618 72.9 7.2
15.9 28293 76.6 6.9
15.8 28181 81.1 6.5
15.9 27448 80.0 10.6
16.5 33075 7.5 12.0
16.7 29277 8.1 11.8
h 2
Btu/hr-ft -°F
3292
4060
3766
3734
3555
3728
3736
3794
6309
11212
4O87
4401
4086
3724
3693
3824
3982
2998
3323
4292
4868
3562
4273
3837
3558
4100
4336
2589
2756
2481
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Table 2_ Continued
Test Section No. I (.76-in I.D., no insert)
Dat e
8/28/64
8/31/64
9/11/64
10/19/64
10/13/64
10/14/64
10/8/64
10/9/64
OF G 2 q" 2
Time Tsat' lb/sec-ft Btu/hr-ft
0240 1789.4 16.5
0530 1794.2 16.3
1OO5 1792.1 15.6
1314 1793.6 15.3
1430 1794.3 15.4
32601
29783
31068
30302
29775
0455 1795.3 15.4 57108
1037 1824.6 15.6 54959
1219 1825.8 15.5 56661
1815 1797.9 17.0 49788
2030 1796.7 15.8 55786
2230 1795.4 16.2 52837
1403 1800.9 15.1
1721 1796.O 15.3
1725 1796.7 15.3
104820
109720
109950
1245 1901.2 15.2 97692
1428 1901.1 15.3 97890
1610 1902.2 15.3 97304
1150 1905.O 15.3
1255 1899.6 15.2
1745 1902.1 15.4
96003
96242
85779
1320 1982.0 15.5 58034
1450 1985.4 15.5 60056
1630 1985.7 15.4 58205
1750 1985.5 15.4 58503
1945 1985.O 15.3 56909
2145 1986.9 15.2 57470
_330 1984.9 15.2 56401
0130 1985.4 15.3 56717
0325 1985.9 15.4 56434
0500 1986.7 15,5 59949
0630 1987.4 15.4 55573
0920 1986.2 15,7 55957
1233 1987.8 15.7 55739
1328 1987.6 15.3 6791.9
1510 1988,O 16.0 68174
X
%
lO. 5
22.3
25.4
28.7
30.5
17.9
16.8
20.0
5.5
16.7
17.7
28.9
31.6
30.4
26.0
26.7
32.4
34.0
35.1
31.4
18.4
23.8
28.8
34.6
38.7
43.9
60.7
54.6
58.9
73,0
68.9
74,4
81.8
90.7
81.6
avg. AT
o F
10.5
12.1
10.5
10.7
10.2
7.4
10.4
9.1
10.8
9.0
9.9
-1.8
-2,5
-2.9
1.2
2.0
0.96
1.6
0.80
1.5
7.0
4.8
4.2
5.1
5.5
4,4
4.4
4.9
4.1
2.6
4.8
4.2
4.7
12.3
4.0
h
Btu/hr-ft2-°F
3105
2461
2959
2832
2919
7717
5285
6226
4610
6198
5337
81410
48945
101358
6O002
120302
57186
8291
12512
13858
11471
10347
13061
12818
11575
13764
23057
11578
13323
11859
5522
17044
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Table 2 (Continued)
Test Section No. i (.76-in I.D., no insert)
G
o F
Date Time Tsar' lb/sec-ft 2
10/9/64 1725 1989.7 15.7
1832 1987.6 16.0
1930 1988.5 16.O
2045 1989.2 15.9
2200 1987.5 15.8
2320 1990.5 15.7
10/10/64 0045
0230
04O0
0530
0630
0810
1135
1425
1530
1703
1986.8
1986.7
1985.9
1987.2
1986.2
1987.8
1989.4
1988.1
1989.4
1986.9
10/13/64 2130
2305
2100.4
21OO.2
10/14/64 0105
0300
0455
0625
O918
2097.2
2100.0
2100.7
2097.8
2096.5
10/21/64 0300
0425
0550
2097.2
2097.6
2098.8
10/20/64 04OO
0520
0535
0755
1002
1214
2097.6
2099.0
2100.6
2101.2
2099.5
2100.3
10/21/64 1325
1555
1725
1900
2030
2215
2094,9
2092,3
2092,9
20945
2095,0
2097 8
15 7
15 6
15 6
15 5
15 5
15 5
15 3
15 4
15 4
15.2
15.5
15.5
15.5
15.4
15.5
15.6
15.3
15.5
15.4
15.4
15.4
15.4
15.3
15.3
15.3
15.4
15.4
15.5
15.2
15.5
15.4
15.4
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vt
q
Btu/hr-ft 2
81501
80952
81313
81627
81986
82334
82525
82654
82889
82690
83168
83320
84264
84694
84343
84400
58693
58944
57510
57682
57468
57994
57271
81146
80759
80565
105490
104270
102130
101310
101210
100930
148950
153740
150410
150580
152170
154470
X
%
86.3
80.0
78.0
74.8
72.7
69.6
67 4
64 9
62 1
59 5
56 9
54 6
52 9
49 5
47 4
46 0
21.9
26.1
28.4
31.4
33.2
35.8
38.1
25.3
27.6
29.6
19.5
23.6
27.7
32.0
36.4
36.8
36.1
40.7
44.3
45.2
48.6
51.1
avg. &T
o F
3.2
3.6
3.4
2.4
3.1
4.3
3 9
2 8
3 3
4 0
4 0
3 6
3 6
3 7
4 3
3 3
7.3
4.6
6.0
5.8
5.4
4.7
4.8
8.7
8.1
7.5
6.8
7.1
7.0
6.5
5.6
5.5
7.7
5.2
5.5
6.8
6.4
7.9
h 2
Btu/hr-ft -°F
25469
22487
23916
34011
26447
19147
21160
29519
25118
20672
20792
23144
23407
22890
19615
25576
8O40
12814
9585
9945
10642
12339
11931
9327
9970
10742
15513
14686
14590
15586
18073
18351
19344
29565
27347
22144
23777
19553
Table 2, (Continued)
Test Section No. 1 (.76-in IoD.p no insert)
OF G 2
Date Time Tsat_ Ib/sec-ft
10/22/64 0030 2097.6
0200 2098.9
0620 2096.2
1325 2096.8
1645 2095.0
1815 2099.1
2000 2097.2
2130 2.099.2
2250 2096.5
10/23/64 OIOO 2099.3
0245 2098.3
0415 2097.8
0535 2097.8
0745 2098.9
0925 2096.7
1045 2097.1
1330 2098.0
1520 2099.6
1940 2099.8
Test Section No.
/ q'' 2 x avg. Z>.T
Btu, hr-ft % °F
h 2
B_u/hr-ft -°F
15.2 150960 52.5 7.4 20400
15.5 147930 52.1 6.5 22758
15.4 151.020 56.2 23.8 6345
15.4 150840 54.8 5.2 29008
21.4 65432 11.4 9.4 6961
21.4 66507 13.0 7.8 8527
21.5 65060 14.0 7.8 8341
21.5 66950 15.9 6.5 10627
21.5 67637 17.6 5.8 11662
22.1 65395 1:7.8 5.3 12339
22.1 65013 19.7 5.9 11019
22.1 64753 22.0 5.8 11164
21.9 64901 24.0 7.0 9272
22.2 65956 25.9 6.8 9699
22.1 64130 28.0 6.6 9717
21.6 63426 31.1 6.4 9910
22.2 63268 32.8 7.0 9038
22.2 64446 37.4 5.2 12393
20.9 67071 62.1 -254
Dat e
11/30/64
12/1/64
Time
O6OO
0625
0855
1155
1826
2147
0045
0315
0500
1135
1345
1520
1928
2140
2 (.74-in I.D., with helical insert P/D = 6)
avg. AT
o F
14.2
18.6
14.1
16.6
13.8
15.1
14.8
16.4
13.5
18.4
16.8
10.7
14.2
11.1
o F G _q" 2
X
TsatJ Ib/sec-ft 2 Btulhr-f_ _
2101.7 18.6 102880 17.8
2092.9 18.6 103070 18.5
2095.0 18.6 102000 21.7
2095.1 18.4 102230 26.2
2097.2 18.5 101800 27.2
2097.7 18.5 102700 31.3
2098.5 17.9 100280 34.4
2096.3 18.4 99944 33.9
2096.1 18.5 101500 34.9
2097.7 18.7 102400 42.0
2093.6 19.6 102830 42.9
2095.4 18.5 102620 47.0
2099.1 18.6 101690 52.7
2095.2 18.5 101290 59.3
h 2
Btu/hr-ft -°F
7245
5541
7234
6158
737'7
6801
6776
6O94
751.9
5565
6121
9591
7161
9125
aR
g'__/s
0.45
O. 47
O. 58
O. 74
O. 78
O. 97
1.O4
1.08
1.13
1.55
I. 77
I. 83
2.19
2.67
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Table 2_ Continued
Test Section No. 2 (.74-in I.D. with helical insert P/D = 6)
G 2 q" x avg. _T
Date Time Tsat_ °F lb/sec-ft Btu/hr-ft 2 % °F
12/2/64 0050 2094.5 18.9 102500 64.9
0320 2095.7 18.6 102190 74.2
0600 2097.9 18.8 100970 80.2
0825 2096.4 18.7 102490 82.1
12/17/64 0115 2100.5 24.5 106640 11.4
0335 2100.5 24.6 104780 16.4
0550 2105.6 24.6 102100 20.7
0900 2097.7 24.4 102350 26.1
1115 2095.6 24.4 101450 31.6
2/8/65 1320 2108.0 24.4 102820 32.3
1610 2108.0 24.6 99539 39.3
1951 2108.6 24.5 100720 51.8
2244 2112.0 24.6 98313 57.7
2/9/65 O135 2109.0 24.7 101310 63.5
0400 2104.8 24.7 100710 65.1
0600 2109.2 24.8 100210 70.3
0832 2105.6 24.7 100620 77.6
2/7/65 0600 2106.0 31.9 105890 5.3
0830 2110.6 33.3 104750 8.3
1030 2109.O 33.3 102950 11.8
1230 2110.6 33.4 101550 15.4
1450 2108.4 33.4 101620 25.6
1716 2107.2 33.4 100600 29.2
1951 2107.7 33.6 100490 33.7
2215 2107.3 34.0 99707 37.4
2/8/65 0115 2104.1 33.4 100190 42.1
0430 2109.4 33.4 99873 49.2
0725 2107.2 33.9 99561 55.1
1/28/65 1825 2107.2 18.0 152840 42.7
2118 2104.7 18.3 150270 48.2
1/29/65 0045 2103.4 17.9 143030 49.3
0345 2107.2 18.2 147220 53.4
1325 2106.8 17.9 149180 80.3
1/29/65 2113 2104.2 23.5 155840 29.9
15.8
14.4
27.7
22.5
9.02
8.36
7.93
7.04
9.16
12.0
12.6
12.3
12.7
-5.96
19.3
29.5
13.9
18.9
16.2
15.6
15.7
13.8
13.0
11.3
12.7
13.4
11.8
12.0
0.57
3.76
5.95
4.84
10.3
2.59
h 2
Btu/hr-ft -°F
6487
7096
3645
4555
11823
12533
12875
14538
11075
8568
7900
8189
7741
5218
3397
7239
5603
6466
6599
6468
7364
7738
8893
7851
7477
8464
8297
268140
39965
24039
30417
14483
60170
a R
g'___s
3.26
3.96
4.61
4.76
0.47
0.71
0.95
1.29
1.70
1.72
2.36
3.64
4.38
5.22
5.49
6.26
7.43
0.42
O. 64
0.89
1.20
2.31
2.79
3.49
4.16
4.90
6.19
7.73
1.44
I. 82
1.80
2.11
4.11
1.44
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Test Section No. 2,
Table 2_ Continued
(.74-in I.D. with helical insert PID = 6)
Date Time
1130165 o
0235
0530
0845
1147
1353
1630
1/30/65 2044
2258
1/31/65 020O
0445
0705
2/6/65 1148
1415
1606
1911
2202
2/7/65 0130
12/21/64 1335
1626
1/22/64 0105
0310
0505
0900
1048
1320
12/18/64 2100
12/19/64 0405
0630
0812
0908
I000
1036
OF G 2 " x
Tsar' lb/sec-ft Btu/_r-ft 2
2104.4 23.6 148000 33.0
2101.8 23.7 151990 38.9
2104.6 23.8 149720 42.9
2105.7 24.6 150100 47.2
2106.8 24.8 151760 52.8
2105.4 24.8 151340 58.0
2106.O 24.6 150390 96.7
2106.O 33.5 151980 15.3
2106.6 33.4 146360 18.3
2106.9 33.5 151430 23.8
2106.3 33.6 151810 27.5
2107.O 33.9 151580 31.6
2106.9 34.4 145280 28.5
2106.4 34.5 143240 33.1
2108.4 34.2 144530 36.8
2109.4 33.9 139850 41.2
2106.7 33.6 143000 48.2
2110.6 34.0 138270 51.1
1801.4 16.8 63200 15.1
1803.3 17.O 59004 26.8
1806.2 17.0 70612 34.5
1805.9 17.2 60671 31.O
1805.9 17.2 60498 31.8
1804.9 16.7 59403 39.3
1802,6 17,1 58783 42,4
1802,1 16,9 58663 48,3
1806,6 17,1 106210 19.1
1811,9 16,9 104760 5.0,2
1809,6 17,2 104110 54,6
1802,7 17,2 101980 56,9
1801,0 17,2 104870 56,8
1803.6 17,3 102630 56,9
1800,2 17,1 102590 57,4
avg. _T
oF
6,35
4,08
8,93
7.19
6,69
6.29
10.5
9,99
10.7
9,36
7,95
8,60
19.8
21.7
20,2
17.9
18,6
18.5
8.47
8.01
5.56
8._0
9'.10
8.96
9.35
8.55
7.01
8.96
6.43
5.93
6.07
7.43
5.84
h
Btu/hr-ft2-OF
23307
37252
16766
20876
22685
24060
14323
15213
13678
16178
19096
17626
7337
6601
7155
7813
7688
7474
7462
7366
12700
7399
6648
6630
6287
6861
15151
11692
16191
17197
17277
13813
17567
a R
g'___s
1.68
2.19
2.56
3.16
3.87
4.54
10.85
1.20
1.49
2.10
2.60
3.22
2.85
3.56
4.10
4.81
6.11
6.79
0.48
1.15
1._3
1.50
1.56
2.08
2.51
3.08
0.69
3.22
3.92
4.30
4.31
4.30
4.33
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Table 2_ Continued
Test Section No. 2 (.74-in I.D. wlth helical insert P/D = 6)
q" x avg. _T h aRBtu hr-ft 2 % °F Btu/hr-ft2-° F g's
103060 41.7 17.0 6062 4.81
105480 46.2 16.5 6393 5.87
104000 26.5 4.1 25366 4.58
104430 29.2 4.8 21756 5.08
106220 41.1 6.4 16597 7.76
144590 52.5 25.0 5784 6.98
102430 45.6 9.9 10346 4.7
102060 55.4 9.8 10414 6.6
101590 64.6 9.2 11_2 9.1
103820 38.5 9.5 10928 3.5
oF G 2
Date Time Tsat_ lb/sec-ft
2/9/65 2202 1817.2 24.4
2/10/65 0200 1813.2 24.6
2/10/65 1504 1802.6 34.1
1712 1810.3 33.4
2026 1817.O 31.4
2/9/65 1255 1815.4 24.0
2/11/65 2158 1902.0 24.8
2/12/65 0045 1907.8 25.0
0400 1912.4 25.9
0725 1903.9 24.7
Test Section No. 3 (.42-inl.D., no insert)
Dat e
3/12/65
G
oF
Time Tsar _ lb/sec-ft 2
1430 2105.2 31.3
1625 2105.2 31.5
1932 2103.4 31.3
2204 2104.2 31.7
O217 2107.0 31.1
1330 2112.6 31.8
1616 2064.9 32.0
0430 2105.2 31.0
0650 2096.6 31.1
1030 2102.4 31.6
qVf
Btu/hr-ft 2
x avg. _T h 2
% °F Btu/hr-ft -°F
96741 32.2 5.6 17275
98805 41.5 7.3 13535
94391 48.3 7.4 12756
94836 55.2 7.5 12645
100300 66.6 8.5 11800
149510 49.4 13.2 11326
153630 51.4 10.1 15211
3/13/65
3/16/65
3/18/65 151120 15.7 16.8 8995
148800 22.5 14.7 10122
147880 26.9 14.3 10341
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Test Section No.
Table 2, Continued
3 (.42-in I.D., no insert)
Date
G
oF
Time Tsat' ib/sec-ft 2
3/30/65 2200 2099.2
3/31/65
3/30/65
4/1/65
2/25/65
2/26/65
2/26/65
2/27/65
2/27/65
2/28/65
0140 2101.9
0330 2103.6
0510 2103.1
0745 2102.6
1941 2100.3
0545 2096.9
1724 2105.7
1955 2105.3
2158 2103.3
0050 2101.0
0250 2101.6
0505 2101.0
0830 2099.2
1230 2096.0
2037 2107.6
2307 2095.8
0152 2104.8
0430 2103.6
0632 2103.6
0930 2106.0
1215 2101.6
1838 2104.1
2057 2106.0
2329 2106.4
0223 2105.2
0430 2114.9
0625 2103.6
0900 2102.2
45.9
45.6
45.2
44.4
44. I
45.9
46.1
61.6
62.1
62.3
60.9
61. i
61.3
63.0
63.0
61.6
6i.3
59.9
60.9
60.4
61.4
61.6
60.7
60.6
61.9
60.3
60.3
60.0
61.7
vt
q 2
Btu/hr-ft
99845
99294
97610
98236
98553
118630
219440
100020
97175
95571
95000
97911
99105
100960
103580
143570
141410
147530
147670
148120
152730
154710
215690
220270
232540
222860
223370
222870
224070
X
%
31.2
40.7
48.5
58.5
68.3
29.9
50.3
21.4
25.4
31.1
38.2
45.1
52.8
57.4
63.4
23.6
28.7
35.9
40.2
47.3
51.6
60.1
36.3
43.1
48.7
55.9
62.4
69.4
71.8
avg. AT
oF
9.4
1.7
1.5
1.8
2.2
4.1
I0.4
0.28
2.8
3.1
4.2
3.0
3.1
3.5
4.5
5,0 •
19.4
3.2
3.8
3.9
3.7
5.2
11.7
10.4
6.4
4.1
7.7
6.0
4.1
h
Btu/hr-ft2-OF
10622
58408
65073
54576
44797
28934
211O0
35'7214
34705
30829
22619
32637
31969
28846
23018
28714
7289
46103
38861
37979
41278
29752
18435
21180
36334
54356
29OO9
37145
54651
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Table 2_ Continued
Test Section No. 3 (.42 in.I,D., nO insert)
OF G 2 q" x avg. LIT
Date Time Tsat_ Ibjsec-ft Btu/hr-ft 2 % °F
3/25/65 0730 1804.6 30.5 99295 48.7 2.4
1330 1862.2 31.3 97820 48.9 3.0
3/26/65 0308 1805.4 29.8 98678 78.3 5.2
0350 1804.8 30.6 98265 75.8 3.4
0430 1808.8 32.4 97346 77.4 1.9
Test Section No. 4 (.73-in I.D. with annular plug and helix P/D = 2)
h
Btu/hr- ft __OF
41373
32607
18977
28901
51235
OF G 2 q" 2 x avg. _T
Date Time Tsat' lb/sec-ft Btu/hr-ft % °F
5/10/65 0542 2098.5 29.5 111810 10.4 34.0
0845 2102.1 29.3 110610 14.7 33.1
1210 2099.3 29.5 110460 18.8 32.4
1813 2095.5 30.3 109870 22.0 31.0
2220 2102.7 29.3 109790 30.8 28_6
5/11/65 0043 2098.1 29.5 1110_0 38.6 26.2
0320 2099.1 29.8 110800 43.2 26.2
0624 2097.1 29.6 110540 53.5 27.0
1430 2096.8 29.7 110630 69.1 26.3
5/11/65 O215 2097.2 29.4 141940 18.1 28.3
0920 2101.4 29.7 145090 70.1 16.O
5/12/65 O512 2095.6 29.4 141460 22.2 25.6
0800 2094.8 29.5 141880 26.2 23.0
1045 2098.8 29.5 140720 30.1 19.6
14OO 2090.7 29.7 140700 34.5 25.8
5/13/65 O120 2093.7 29.2 142010 41.9 22.0
0420 2101.8 29.4 140130 44.3 18.6
0640 2097.8 29.1 139920 48.9 17.8
1810 2106.6 29.3 141400 52.0 30.2
2025 2101.7 29.5 142010 58.8 21.8
2215 2103.3 29.9 144800 62.6 22.1
h 2
Btu/hr-ft -OF
3288
3342
34O9
3544
3839
4239
4229
4094
42O6
5016
9O68
5526
6169
7180
5454
6455
7534
7861
4682
6514
6552
a
R
g's
7.8
11.3
15.7
20.4
29.4
41.2
49.5
68.2
103.2
14.7
107.4
19.4
25.0
30.2
37.3
47.5
51.3
58.8
64.5
80.0
90.2
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Table 2, Continued
Test Section No. 4 (.73-in.l.D. with annular plug and helix P/D = 2)
Date Time Tsat_ O F
5/14/65 O150 2101.4
0445 2095.8
0915 2102.2
5/21/65 0547 2095.6
0830 2098.7
1300 2100.1
1830 2O97.O
2038 2101.6
2133 2102.1
5/22/65 O130 2101.9
0400 2100.4
0630 2099.1
0900 2101.4
1215 2098.7
1630 2098.6
1830 2101.5
2030 2101.6
2230 2101.2
5/23/65 O120 2103.3
0405 2100.3
0620 2099.5
0915 2101.1
5/23/65 2315 2100.3
5/26/65 0455 2094.7
0630 2095.4
O915 2094.5
1235 2094.3
1625 2094.9
5/27/65 O140 2096.5
0510 2098.9
1030 2097.3
1330 2098.1
G 2 _" x avg. LIT
lb/sec-ft Btu/n r-ft 2 % °F
29.7 139880 71.6 38.0
29.8 139090 76.0 18.7
30.3 139180 84.1 17.8
29.1 151330 20.8 25.2
29.3 150010 23.3 23.4
29.6 151140 25.9 23.5
29.4 152140 29.7 22.4
28.9 154030 36.2 20.8
29.7 152430 35.0 20.6
29
29
29
29
29
29
29
29
29
29.
29.
29.
29.
29.
29.
29.
29.
29.
29.
29,
29.
29.
29.
4 150280 38.1 19.8
2 150900 42.1 19.1
2 150890 45.7 21.2
1 151220 49.5 19,8
3 151520 53.2 20,4
3 152200 56.8 17.8
4 155320 61.8 20.8
0 152280 65.2 18.6
4 152220 68.6 20.0
4 153700 74.5 20.3
1 151790 77.4 20.4
3 150690 80,4 19.9
5 152340 85.0 19.2
0 178450 29.1 24.8
3 179760 28.1 28.9
0 177740 30.8 28.2
2 167690 31.1 26.6
3 159100 33.3 25.8
3 166820 39.9 20.4
3 168200 49.2 21.8
2 170750 58.4 23.6
8 161970 63.3 22.2
6 158160 72.7 24.7
h 2
Btu/hr-ft -°F
3681
7438
7819
6005
6411
6432
6792
7405
7400
759O
79OO
7117
7637
7427
8551
7467
8187
7611
7571
7441
7572
7934
7196
6220
6303
6304
6167
8177
7716
7235
7296
6403
aR
g's
111.2
123.9
150.5
17.5
20.6
24.3
29.4
34.1
37.8
417
47 7
54 0
60 3
68 3
75 9
86 7
92 2
102 4
116.8
123.O
132.4
147.5
27.2
27.0
30.3
31.2
34.9
45.7
61,7
79.8
93.8
115.5
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¢Table 2_ Continued
Test Section No. 4 (o73-in I.D. with annular plug and helix P/D = 2)
OF G " x
Date Time Tsat_ lb/sec-ft 2 Btu_hr-ft 2 %
6/8/65 0919 1808.7 18.4 150600 51.2
1302 1808.6 18.2 150190 64.6
1545 1809.5 18.8 149200 75.0
avg. _T h aR
°F Btu/hr-ft2-°F g's
26.9 5598 54.0
29.7 5057 76.7
30.8 4844 104.3
6/3/65 0450 1806.7 29.2 99949 32.9 10.2 9799 58.5
0915 1806.7 29.4 99659 42.6 13.3 7493 89.0
1240 1809.3 29.4 98673 50.9 16.7 5909 i19.2
1345 1813.9 31.1 97569 46.6 12.2 7997 112.9
6/10/65 0330 1810.6 29.3 147030 38.9 27.0 5446 80.2
0625 1808.5 29.2 146060 46.3 28.1 5198 106.1
1015 1801.6 28.9 148620 56.1 31.0 4794 144.9
1300 1803.6 29.2 149260 66.2 35.4 4216 194,7
Test Section No. 5
Date Time
7/7/65 1010
1420
1925
7/8/65 0015
0530
1120
1403
7/26/65 1325
1800
2150
7/27/65 0135
0540
7/27/65 1650
2005
2305
7/28/65 0305
0605
8/2/65 1626
1940
2220
(o74-in I.D. with wire-wrapped plug and wire coil
OF G 2 q" x avg. LIT
Tsat' ib/sec-ft Btu/hr-ft 2 % °F
2091.6 25.1 97245 16.5 30.0
2095.9 25.2 100060 23.1 30.4
2093.8 25.3 98749 31.7 30.4
P/D . 2)
h 2 aR
Btu/hr-ft -OF g's
3242 9.4
3291 14.8
3248 22.7
2097.8 25.4 96517 39.0 29.4
2094.4 25.0 103240 52.7 31.1
2098.4 24.8 102440 64.0 30.8
2097.3 23.9 102490 75.7 30.1
3283 30.5
3320 47.5
3326 63.1
3405 78.1
2100.1 24.7 148650 24.7 41.4
2102.2 25.3 148640 32.6 42.3
2107.3 25.3 149940 44.3 30.4
3591 15.6
3514 24.7
4932 38.0
2101.2 25.3 144020 55.4 31.6
2103.1 24.8 143000 72.7 30.8
4558 53.7
4643 79.8
2100.6 15.6 156130 35.8 27.8
2099.9 15.8 153540 43.4 28.4
2102.6 16.O 147600 49.2 29.6
5616 10.9
5406 15.3
4986 18.9
2098.8 15.6 148490 60.2 35.8
2097.3 15.7 147700 69.5 31.7
4148 25.2
4659 31.9
1801.4 15.6 147980 34.2 16.8
1798.9 15.6 147040 42.5 20.6
1805.0 15.6 146230 56.5 17.4
8808 19.7
7138 28.7
8404 38.3
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TABLE 3
CRITICAL HEAT FLUX DATA
Test Section No. I (.76-in I.D., no insert)
Tube Insert Tsat GK x
Date Time I.D. P/D °F ibs/sec_ft 2 c
10/22/64 0900 0.767" None 2100 15.5 .67
10/22/64 0923 t 12100 16.0 .6510/22/64 1405 2100 15.5 .66
10/23/64 1735 2100 22.0 . 91
qc aR .
B tu/hr- ft 2 g '____s
152,000 0
151,000 I152,000
129,000
Test Section No. 2 (.74-in I.D., wlth helical insert P/D = 6)
Tube Insert Tsat _k_ xDate Time I.D. P/D °F lbs/s ft 2 c
1/30/65 1613 0.740" 6 2100 22.0 .93
1129165 1643 _ l 2100 16.0 .84
qc aR
Btu/hr-ft 2 g '___ss
150,000 9.5
150,000 4.1
Test Section No. 3 (.42-In I.D., no lnsert)
Tube Insert Tsar GK
Date Time I.D. P/D °F ibs/sec-ft 2
0.423" None2/27/65 1350
2/28/65 0945
3/17/65 0440
3/27/65 2120
3/31/65 1155
3/31/65 1214
3/31/65 1328
3/31/65 1345
3/31/65 1438
3/31/65 1455
4/ 1/65 1332
4/ 1/65 1440
x
c
2105 61.6 .81 157,000
2102 61.7 .74 224,000
2100 31.0 .66 i01,000
1838 41.2 .57 171,000
2104 47.6 .88 95,000
2104 47,6 .85 94,000
2105 47.6 .89 50,000
2105 47.6 .90 50,000
2105 47.6 .89 53,000
2105 47.6 .87 50,000
2105 46.7 .59 211,000
2106 46.5 .61 214,000
,!
q a Rc
Btu/hr-f t 2 g ' s
0
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TABLE 3, Continued
o Test Section No. 4
CRITICAL HEAT FLUX DATA
(.73-in.l.D., with annular plug and helix P/D = 2)
Date Time
5/23/65 1353
5/28/65 1400
6/ 8/65 1723
6/ 8/65 1804
6/10/65 1602
6/10/65 1613
6/10/65 1652
5/28/65 1624
5/28/65 1651
6/ 8/65 1824
Tube Insert q_ ,2 aR
I.D. P/D Btu/hr-f_ g's
O. 738" 2
De Smooth
=.158" Annulus
(Plug)
Tsar GK x
OF lbs/sec_ft 2 c
2100 32.0 .79 148,000 130.4
2100 20.4 .87 153,000 64.2
1823 21.7 .83 149,620 132.1
1813 21.9 .89 106,380 159.2
1804 25.3 .88 148,400 213.0
1809 24.6 .89 148,260 203.0
1807 24.1 .91 100,800 205.0
2104 43.9 .90 77,270 0
2100 43.0 .95 56,300 0
1825 45.6 .87 104,470 0
Test Section No. 5 (.74-in.l.D., with wire-wrapped plug and wire coil P/D = 2)
f!
Tube Insert Tsar GK Xc qc aR
Date Time I .D. P/D °F lbs/sec-ft 2 Btu/hr-ft 2 g' s
7/ 8/65 1509
7/ 8/65 1617
7/27/65 1110
7/27/65 1116
7/28/65 1032
8/ 3/65 1348
8/ 3/65 1615
8/ 3/65 1650
0.742"
0 c_
0
II
2100 24.4 .907 103,120 99.9
2105 23.4 .901 102,100 89.7
2110 23.7 .923 142,870 95.5
2110 23.7 .886 142,870 88.0
2106 18.4 .853 147,550 49.6
1805 17.4 .866 137,900 97.4
1805 19.1 .796 175,530 99.1
1800 18.4 .801 176,930 94.4
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Table 4
TRANSITION BOILING DATA
Test Section No. 3 (.42-in I_D., no insert)
OF G 2 -q" XTB
Date Time Tsar' tb/sec-ft Btu/hr-ft 2 %
3/31/65 1208 2105 47.6 94,000 92
1212 2105 47.6 94,000 93
1336 2105 47.6 49,900 91
h
Btu/hT_r-ft2-OF
3481
2848
1663
Test Section No. 4 (.73-In ltD., with annular plug and helix P/D ffi2)
" XTB rlTBOF G q 2
Date Time Tsat' lb _eo-ft 2 Btu/hr-ft % Btu/hr-ft2-°F
5/28/65 1418 2100 19.8 155,240 95 1106
1450 2100 19.9 122,720 94 2360
6/8/65 1729 1827 20.4 150,905 91 1796
6/10/65 1620 1802 24.0 147,840 96 410
6/10/65 1625 1813 24.0 146,520 91 1368
a R
gts
72.6
71.8
139.4
230.9
200.9
Test Section No. 5 (.74-in I.D., with wire-wrapped plug and wire coil P/D = 2)
OF G q" XTB hTB 2
Date Tim_.___e Tsat ' lb/sec-ft .2 Btu/hr-ft 2 _ Btu/hr-ft -°F
7/8/65 1545 2100 23.3 102,420 93.8 1874
8/3/65 1720 1802 16.4 171,510 95.2 1124
a
R
g's
97.6
104.8
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Table 5
FILM BOILING DATA
Test Section No. 3 (042-in I.D., no insert)
G
oF
Dat___ee Tim_._._e Tsar, lb/sec-ft 2
2/27/65 2105 61.6
3/27/65 1838 41.2
3/31/65 2104 47.6
3/31/65 2105 47.6
2105 47.6
2105 47.6
2105 47.6
4/1/65 2105 46.7
4/1/65 2106 46.5
Test Section No. 4
q" 2 XFBE XFB
Btu/hr-ft % %
157,OO0 87
171,0OO 57
94,000
49,900
49,900 95-99
52,000 98-96
53,000 95
211,000 59
214.,000 61
96
96
(.73-inloD. with annular plug and helix P/D = 2)
hl_
Btu/hr-ft2-OF
258
228
Date Time
5/23/65 1414 2100
5/27/65 1610 2100
5/28/65 1430 2106
1527 2100
1529 2100
1608 2105
1618 2104
1634 2103
1714 2100
6/8/65 1733 1824
1809 1819
1816 1824
1843 1825
6/10/65 1625 181-3
1652 1807
G
° F
Tsat , lb/sec_ ft 2
32 0
28 6
19 8
19 9
19 9
19 9
19 9
19 5
19 6
20.4
21.9
21.3
21.3
24.0
24.1
q" 2 XFBE XFB hFB 2
Bfu/hr-ft % % Btu/hr-ft -°F
148,000 87
159,000 260
155,800 98 98 335
121,950 95 95 214
121,950 96 196
76,830 96 96 249
78,140 99 172
55,200 99 99 188
56,500 99 99 176
150,340 93 93 222
105,900 90 90 217
105,520 97 148
103,630 91
146,520 98 98 196
100,8OO 96 96 185
Test Section No. 5 (.74-in.l.D. with wire-wrapped plug and helix P/D = 2)
ff X X
OF G 2 q I_E FB
Dat__._ee"Tim____ee Tsat_ Ib/sec-ft Btu/hr-ft 2 % %
7/8/65 1617 2105 23.4 102, i00 99
7/28/65 1108 2105 17.9 145,480 95. i
8/3/65 1730 1811 16.0 174,880 99
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h
FB
Btu/hr-ft2-OF
208
256
201
aR
g'___s
159.0
76.2
73.3
74.9
74.1
78.9
75.9
77.2
146.8
160.7
174.1
152.9
233.0
199.9
a R
g'._.._s
108.3
58.5
105.1
Table 6
SUPERHEATED VAPOR DATA
Test Section No. 3 (.42_in I.D., no insert)
G q" _SH
o FDate Time Tsat' lb/sec-ft 2 Btu/hr-ft 2 °F
3/31/65 2105 47.6 49,900 25
hSH 2 o
Btu/hr-ft - F
194
Test Section No. 4 (.73-in I.D. with annular plug and helix P/D = 2)
qt!
, OF G oFSH
Date Time Tsat ib/sec_ft 2 Btu/hr-ft 2
5/28/65 1624 2104 19.6 77,270 15
1645 2103 19.6 56,750 5
1651 2100 19.2 56,300 144
1659 2100 19.5 55,700 40
1707 2100 19.6 56,030 5
6/8/65 1824 1825 20.4 104,470 85
1832 1825 21.0 104,140 15
6/10/65 1705 1807 23.4 105,0OO 287
hSH 2 o
Btu/hr-ft - F
162
152
183
172
152
145
143
187
Test Section No. 5 (.74-inl.D. with wire-wrapped plug and helix P/D ffi2)
ff
G q _SH
o FDate Time Tsat' lb/sec-ft 2 Btu/hr-ft 2 °F
7/8/65 1629 2100 23.5 1OO, 980 45
1640 21OO 23.0 1OO, 420 105
7/27/65 1125 2102 23.1 143,170 29
7/28/65 1120 2105 17.3 144,350 75
8/ 3/65 1738 18OO 15.8 1783890 34
1753 1805 15.4 179,230 202
hSH 2 o
Btu/hr-ft - F
213
231
256
217
201
233
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Figure 22.
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K = 1.0
Calculated Using Equation (2)
E = 0
E = .i0
E = .20
E = .50
Quality, x
Effect of Liquid Entrainment E on the Nusselt Numbers
Calculated from the Film Evaporation Model
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Calculated Using Momentum
Exchange Model of Reference 7,
Equation (4)
I I I i I I I I
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Quality, x
1.0
Figure 23. Void Fraction as a Function of Quality for Potassium
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Calculated From Equation (3) Using
Rg From Momentum Exchange Model Of
Reference 7
T = 1500°F
1600°F
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1900°F
2000°F
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Slip Ratio as a Function of Quality for Potassium
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Film Thickness/Tube Radius, 26/DT
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Calculated From Momentum Exchange
Model Results Given In Figure 23
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Figure 26 Film Thickness to Tube Radius Ratio as a Function
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NNu = kf
Calculated Usin_ Equation (6), n = 2
q]
E
4o
z
10 2
T = 1
<2100°F
(lO0°F Tempel_ature In(_rements)
l0
I I I I I I I I I
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Quality, X
_IguL, 2{. Modified Film Evaporation Model Nusselt Numbers
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Calculated Using Equation (8)
Q
I0
i
Curve Tsat _g/DT
(I) 2100°F 1.03 x 10 -5
(2) 2100°F 2.236 x 10 -5
(3) 1500°F 1.03 x 10 -5
(4) 1500°F 2.236 x 10 -5
I I I I
0 20 40 60 80
Quality, X,
I00
Figure 28 Effect of Vapor Film Resistance On
Two-Phase Nusselt Numbers
-150-
C4
4_
I
_4
4-'
C3
c-t
106
105
10 4
, I ;rl I _
' i II, l i
I I
II
i
....... Forced Convection Liquid-
Only, NNu = 7
.Pool Boiling Only, Eq. (I0)
Calculated Using Equation (II)
For O.767-inch ID Tube
, -! ! !
i
i .... !
I
D
..... i
" i
i
/
, . - J •
- : :.,
,!
i i
//V_/
, ,.Y/XX
///,
T
sat
oo_o_o_
00_00 0
O0 0
04000 kO
cki(kl,--I,--i,-I
/
j. "j
r/ ,
. J .
gD' .
/
3I0- - ,-
.I I lO I00
Temperature Difference, (Tw - Tsat), OF
Tsat
l_OOgE
1600^F
1800YF
2000°F
2200°F
FigLu_e 29. Heat Flux as a Function of Temperature Difference for the
Forced Convection Nucleate Boiling Model
-151-
Im
,-4
.M
C
0
I--I
4_
d_
i0(
1o{
i0j
10:2
Figure 30.
/,';/11"//,,,;,",I I
z_,,,/ /I
i,, /_ ,_/ ,7
/ I i ,/
, /._,f/ /; /I,,/'_,_ .' 4_4,,I/#
/' 7/.:,"_
//
Graphical Solution, # = 9O°
Calculated Using Equation (17)
= 90 °
Line Fluid
i. A,B water, 2000 psla
2. A,B potassium, 152 psla
3. A,B potassium, 15 psia
4. A,B water, 38 psia
5. A,B freon-ll3, 19.8 psia
6. A,B freon-ll3, 15.4 psia
I0 I00
Wall Superheat (Tw - Tsat) , OF
1000
Calculated Relationship Between Heat Flux and Wall
Superheat For Incipient Boiling Of Different Fluids
-152-
o_
40
I
4_
o"
_0
_-4
lO9
io_
101
o
4_
.H
O_
0_o i
H
lO
<',/,'
II I// /.,.,o mils
I'//_1
/_//"//,
_// llll l(1)
r_IiI_)"
/Z_/I .
,,/I/ I/.50 _ils
I (3)'/,'//,>/
//,(")'//
I,'1,4 I,,1.omil_
(,>'_/
///7,, / , ,
J// / /5.0 Lines of Constant Critical
,,,/' ,, ,,,_.o,,_ __,_u_, _._. (_>
l I /i Temp., Eq. (17)
I0.0 mils _ I
/ (2 1600 F /= 90 °
, '3: 1800 °F
, 2000°F
5 2200°F
1.0 I0 I0_ 103
Figuce 31.
Wall Superheat (Tw - Tsat) )°F
Calculated Relatlcnshlp Between Heat Flux and
Wall Superheat For Incipient Boiling of Potassium
-153-
CJ
4_
I
.C
40
=L
O _
.H
H
.,_
0
_q
©
..el
.,-I
o
I-I
,-I
.,o
I0 _
lO8
lO7
Condition For Incipient Boiling: //Infinite Range of Cavit$Sizes, Eq. (17)Upper Limit to Range ofCavity Sizes, Eq. (19)
Forced Convection Liquid
Heat Transfer, Eq. (20)/ I
/ I
b'l
T = 1800°F //
Tube ID = 0.767-inch //
/I
/_= 90° !
I
E
#
I
E E
106 I _" I I f_
I _ .lli_/_,li
I t I ll, ll I I
. ..l" ," lllJ'/ I
_ -_ - '. _ _ //'ii i
.. Jr ..:s,.",i,, i
(5_o__ --" I'_ r " i ,
.... ilt_ . I il
o,
'_io_. i I i'
t_°>'l'll l _, l # I
<, _ /so i__oo ) (2oo°)
_o4 _" I , 11 n
I0 I0
Wall Superheat (T W - Tsat) , OF
Figure 32.
4
/
I0
Calculated Effect of Cavity Size On The Relationship
Between Heat Flux and Wall Superheat For Incipient
Boiling Of Potassium At 1800OF
-154-
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I n s i d e  Sur face  ( I D  Transverse Magnified 1000 X - 
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Figure 34. Micrograph of Tes t  S e c t i o n  No. 1 (.767”ID, no i n s e r t )  
I n s i d e  Sur face  ( I D  Long i tud ina l  Magnif ied 1000 X - 
Pol i shed  But  Not Etched)  
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IV CONCLUDING REMARKS
The results of this investigation include local forced-convection heat
_ransfer data from boiling inception to superheated vapor conditions for
potassium at saturation temperatures from 1800°F to 21OO°F. The data are
applicable to design of boilers for Rankine cycle space power systems
employing potassium as the working fluid. These results supplement other
boiling potassium data, such as that presented in Reference 3, by extending
the range of available data to 21OO°F and by providing more detailed information
on local heat transfer performance. The principal conclusions resulting from
this investigation are as follows:
1. For tubes without inserts in nucleate boiling, the following trends
are indicated:
a. The heat transfer coefficients are in the order of 10,000 Btu/hr-ft2-°F
for heat fluxes greater than about 100,0OO Btu/hr-ft 2 (Figures 43-45).
b. The heat transfer coefficients generally increase with increasing
heat flux (Figures 43-45).
Co The heat transfer coefficient increases with quality at qualities less
than about 2OT0 (Figure 42) and is essentially independent of quality
in the quality range above 2OT0 up to the quality at critical heat flux
onset (Figures 43-46).
de No definite trends of the heat transfer coefficient with saturation
temperature, mass velocity or tube diameter were found for the ranges
tested, indicating that the actual trends with these variables are
+
less than the scatter in the data (Figures 43-45).
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eo Two analytical models of the vaporization process were developed,
one based on a film evaporation hypothesis and the other based on
a bubble formation hypothesis. An analytical procedure using these
two models (Equations 6 and 11, respectively) was found to give
reasonable estimates of the local nucleate boiling heat transfer
coefficients in tubes without inserts.
2. For tubes containing vortex generator inserts in nucleate boiling,
the following trends are indicated.
a. An effect of vortex generator inserts is to reduce the nucleate
boiling heat transfer coefficient below the corresponding value for
tubes without inserts.
bt The general trends in the heat transfer coefficients with respect
to heat flux and vapor quality appear to be similar to those fodnd
for tubes without inserts (items 1-b and 1-c above).
C. At constant radial acceleration and coristant heat i lux_ the heat
transfer coefficient increases in proportion to the insert pitch-to-
diameter ratio for the inserts tested (Equation 23).
do At constant heat flux for a given insert, the heat transfer coefficient
increases approximately in proportion to the O.16-power of the radial
acceleration for the range of radial accelerations tested (Equation 23).
e. At constant radial acceleration for a given insert_ the heat transfer
coefficient increases about linearly with heat flux for the range of heat
fluxes tested. (Equation 23).
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3. Critical heat flux data were obtained in test sections with and
without vortex generator inserts. These data_ together with those from
Reference 3, are correlated with vapor quality and radial acceleration by
E_uation 24 which predicts the following trends in the critical heat flux:
a. The critical heat flux decreases with increasing vapor quality.
b. At constant quality_ the critical heat flux increases with increasing
radial acceleration developed by the insert.
4. The transition boiling regime extends from the critical heat flux
point to the establishment of stable film boiling. The following trends were
observed for the transition boiling regime.
ao The local test section wall temperature oscillates within an envelope
whose upper temperature bound increases with increasing quality and
whose lower bound remains approximately constant at the temperature
corresponding to nucleate boiling (Figures 52 and 54).
b. Vortex generator inserts have an effect of prolonging the transition
boiling regime to higher vapor qualities (relative to values measured
in tubes without inserts)_ prior to beginning of stable film boiling
(Figure 55).
C, The local transition boiling heat transfer coefficients_ obtained from
time-average values of the fluctuating local wall temperature are in
reasonable agreement with Equation (26) which was developed empirically
in Reference 3.
d. The transition boiling heat transfer coefficient decreases with increasing
quality (Equation 26).
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e, The transition boiling heat transfer coefficient increases with
increasing radial acceleration developed by the insert (Equation 26).
f. The transition boiling heat transfer coefficient decreases with
increasing wall-to-fluid temperature difference (Equation 26).
5. The film boiling regime extends from the end of the,_translt_on boiling
regime (where the wall temperature stabilizes) to the point at which the vapor
quality is 1OO%. Comparison of the measured data with predictions based on the
conventional Dittus-Boelter equation indicate that:
a. The film boiling coefficient may be in the order of two to five times
the value predicted by the Dittus-Boelter equation (Equation 28).
b, If a vortex generator insert is used, then the helical flow v_lues of
the mass velocity and equivalent diameter should be used in the Dittus
Boelter equation (Equation 29) to calculate film boiling coefficients.
6. Superheated potassium vapor heat transfer coefficient data were obtained
in a plain tube with no insert, a tube containing a helical insert, and a tube wit!
a wire coil insert. These data indicate that:
aQ The Dittus-Boelter equation provides a low-side estimate of the heat
transfer coefficient after corrections for helical flow (for helical
inserts) and radiation effects are m_de (Equation 29).
b. In the case of a wire coil insert, an additional empirical correction
to the data must be made to correlate the data with those taken in
the plain tube and in the tube containing a helical insert (Equation 55).
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7. Friction pressure drop data were obtained in single phase flow (with
water) and in two-phase adiabatic flow (with high-temperature potassium). These
d'ata indicate that:
p
a. Single-phase friction factors for the helical insert geometry can be
calculated with good accuracy using the Blasius equation (Equation 57)
when the helical flow values of the mass velocity and equivalent diameter
are used (Figure 67).
bo The single-phase friction factor data taken with the wire-coil geometry
are about twice as high as those measured at the same conditions for
the helical insert geometry at the same twist ratio (F/D = 2).
Ce The adiabatic two-phase friction pressure gradient multiplier can be
predicted within about + 30To using the homogeneous flow model given by
Equation (69) (Figures 77-80).
8. Observations of boiling inception and instabilities encountered can be
summarized as follows:
ae
So
Some of the instabilities experienced can be attributed to the high
liquid superheats present at the point where boiling starts (Figures 85-91).
In general, raising the system pressure (saturation temperature) or flow
rate tends to alleviate the instabilities.
C. Bulk liquid superheats as high as 3OO°F above saturation temperature
were measured at the point of boiling inception at saturation temperatures
of about 15OO°F (Figure 91) ....
de The liquid superheats required for boiling inception tend to reduce as
the boiling pressure is increasedj resulting in bulk Superheats in the
order of about IOO°F or less at the boiling inception point for saturation
temperatures of about 2100°F (Figure 88).
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9. Liquid potassium heat transfer coefficients measured in the wire-
wrapped plug region of Test Section No. 5 (helical annulus) are in the range
of 2,4OO to 4_0OO Btu/hr-ft2-°F) and they are in fair agreement with the
Lubarsky and Kaufman correlation (Reference 44) when evaluated using axial flow
parameters (Figure 93).
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APPENDIXA
Component Descriptions
ENVIRONMENTAL CH_u%IBERAND VACUUM SYSTEM
The vacuum environmental chamber, shown in Figure 95, is a cylindrical
stainless steel tank consisting of two separate sections. The lower section
is fixed and contains instrumentation, power feed-through and pumping ports.
The upper section can be raised vertically to provide easy access to the loop
piping and instrumentation. A high-vacuum seal between the upper and lower sections
of the chamber is maintained with two butyl rubber "O" rings mounted concentrically
in the main flange. Stainless steel tubing, welded to the outside of the chamber
wall, serves as a channel for cooling water. During loop operation, the water
cools the chamber walls, which provide a heat sink for the radiant condenser.
Three synthetic sapphire windows are installed in the upper section of the
chamber to provide viewports. The entire chamber is insulated with about four
inches of fiberfrax insulation which is supported and protected by an outer
sheet metal jacket. Calrod heaters, mounted between the chamber and the insula-
tion, are provided for bakeout purposes during pumpdown.
Evacuation of the chamber is accomplished with a 10-inch oil diffusion pump
backed by a main mechanical roughing pump (Figure 96). An auxiliary mechanical
roughing pump evacuates the space between the "O" rings in the main flange and
automatically assumes the function of the main roughing pump in the event of
-8
failure. The vacuum pumping system maintains chamber pressures in the 10 to
10 -6 torr range during loop operation.
ELECTROMAGNETIC PUMP
The electromagnetic pump is a General Electric model KY414PB1 designed to
pump sodium or potassium at temperatures up to 22OO°F with a rating of 1.29 gpm
at 1OO psi developed pressure. The pump duct, shown in Figure 97, is constructed
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from Cb-l%Zr. The fluid enters the duct and flows through a central tube_
reverses direction at the opposite end and flows through a helical passage
_n which the pressure is developed by the interaction of the magnetic field
and current which flows as a result of the voltage induced in the liquid rletal
contained in the pump duct. Further details of the pump can be found in
Reference 1.
FLOWMETER
The totai flow rate was measured with a permanent magnet type electro-
magnetic flowmeter. The flowmeter duct was a 3/8-inch Schedule 80 Cb-I%Zr pipe.
The electrical connection to the pipe was made by resistance welding two Cb-l%Zr
wires on diametrically opposite sides of the pipe perpendicular to the pipe
centerline and to the lines of magnetic flux. The flowmeter duct was flame-
sprayed with a O.OO5-inch layer of alumina and was then thermally insulated from
the magnet pole faces with about 25 layers of dimpled Cb-l%Zr foil.
CONDENSER
The radiant condenser consisted of approximately 60 ft of 3/4-inch Schedule 80
Cb-l%Zr pipe formed into a 20-inch diameter helix on a 3-inch pitch. Figure 98
is a view of the condenser piping during an early stage of the loop fabrication.
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APPENDIX B
Analysis of Fluid Radial Pressure and Temperature
Variations In Tubes Containing Helical Inserts
Consider the flow of a single component two-phase fluid in a tube
containing a helical insert. In order to calculate the radial variations
of pressure and temperature at any axial station a velocity distribution
will be assumed and the pressure variations will be obtained from the
Navier-Stokes equations. Thetemperature distribution will then be obtained
by assuming that the vapor is saturated vapor at the calculated pressure.
The following assumptions will be used in the analysis:
11 Annular flow of a two-phase single component fluid (all the liquid
flowing as a film on the tube wall and all the vapor flowing in the
core).
2. Steady flow
3. Incompressible flow (Mach No. _ 1)
4. Rate of change of pressure in axial direction is small.
The velocity distribution is defined by the following assumption.
1. The radial velocity is zero (V r = 0 at any r)
2o The axial component of velocity isindependent of radius within
each phase (i.e._ V = V (z; phase))
z z
.- -231-
3. The resultant velocity vector V always makes an angle _ (0: helix
angle) with the r -cw_plane_ in cylindrical coordinates (sketch-A).
Z_ tube axis
Cylindrical Coordinates
V z
v
Velocity Components
2 _rr
Helix Angle,
P
Sketch-A
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From sketch-A the following relationship is obtained.
V_ 2 _r
Vz - p_ (B-l)
From continuity considerations, the axial velocity in the vapor phase is
XG
Vzg = g_g (B-2)
Therefore, using Equation (B-2)
Thus, since Vd_= Vn , the radial acceleration in the vapor phase a = V_ 2/r
g (7 g
iS, using Equation (B-3)
4_ X 2 G2r
ag = 2 2
,p2R p
g g
(B-4)
Equations (B-3) and (B-4) indicate that both the tangential velocity __Vc_g = V_v g
and the radial acceleration a are linear function@ of radius in the vapor core.
g
In an analogous manner expressions for the axial velocity Vz_ , the
tangential velocity Vo(_ and the radial acceleration a_ in the liquid film
adjacent to the wall can be obtained, which are:
(B-5)
-233-
24fr (1-x)G
v A- p pf R/: (B-6)
4_T 2 (l-x) 2 G2 r
= 2 pf2 RZ2 (B-7)p
From the Navier-Stokes equations (Reference 47) in the radial direction
2
gc r _r
(B-8)
from which, using a = VJ/r and, for the helix, V_ = V_ ,
_P
= pa r (B-9)
where a is the radial acceleration a normalized to standard gravitational
r
acceleration gc_ so that
a r = a/g c (B-IO)
Thus, substituting from (B-4) and (B-IO) into (B-9) gives for the vapor core
_P (2 TFr) 2 (_-) 2 G2(_) -- Fg p ( 2)
g g gc r _g
(B-If)
Similarly, substituting from (B-7) and (B-10) into (B-9) gives for the liquid
fi Im
-_ _ _-_) gc r pf 2 (B-12)
For the test .sections with helical inserts, the total change in pressure
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between the insert centerbody and the tube wall can be obtained by integrating
Equation (B-11) and (B-12) and adding the results together to obtain
R r.
/1.PW Pcb _ dr + (_-_)
ri f rcb
g
dr (B-13)
Carrying out the integration of Equations (B-11) and (B-12), substituting the
results into Equation (B-13) and introducing the phase velocity slip ratio
K = Vg/V0_ and the helical insert pitch-to-diameter ratio (P/D) gives
Pw-Pcb _ 2 G2 1 + (Dif) K2 (B-14)
Substituting Equation (B-7) into (B-10) and evaluating the results at the
wall, where ar_= a R gives
/a R 2 (p--_/D) 2 1-x 2 G2
= (_-_-L) ('
_ gc /Of2 DT
•) (B-15)
Combining Equation (B-15) into (B-14) results in
Pw - Pcb aR
n
pf DT/2 2
(-i f) K2 I)I + _ _ (-cb) K2
DT DT
(B-16)
Following Fauske's suggestion (Reference 48) and as discussed further in
Reference 10, it will be assumed for the rest of the analysis that the slip
ratio K =_ fO/p. With this assumption, for all of the liquid flowing in
the liquid film on the wall, Equation (B-16) reduces to
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a[1 1/_ DT/2 = _ D T (B-17)
Assuming that the fluid is in thermodynamic equilibrium and that the
pressure differences are sufficiently small that the change in fluid thermo-
dynamic properties along the radius are negligible, the Clausius equation
(Reference 49),
dT TVfg
_ (B-18)
dP Jhfg
can be used to relate the radial pressure difference with the corresponding
change in saturation temperature. Thus, integrating equation (B-18) and
combining the result with Equation (B-17) gives for the change in saturation
temperature between the insert centerbody and the tube-wall.
a R _ DT TVfg (Dcb) (B-19)
sat-w Tsat-cb _ ( -- 1 DTT - - -- ) (jhfg) -
Equation (B-19) was used to correct the measured wall-to-fluid temperature
differences for the evaluations of the nucleate boiling data taken with
vortex generator inserts, as discussed in Section III-A.
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